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This hydrogeologic modeling study has been performed as part of the 

regional hydrologic characterization of the Waste Isolation Pi lot  Plant 
(WIPP) i n  southeastern New Mexico. The study resulted i n  an estimation of 

the transmissivity distribution, hydraulic potentials, flow field, and 

f lu id  densit ies i n  the Culebra lblomite Member of the Permian Rustler 
Potmation a t  the WIPP site. 

The three-dimensional f inite-difference code SWIFT I1 w a s  employed fo r  the 

numerical modeling, using variable-fluid-density and both single- and 
double-porosity formulations. The variable-fluid-density approach does 
not, at th i s  stage, include changes i n  brine density within the model due 
t o  local reaction, such as halite dissolution. The spatial scale of the 

model, 12.24 km by 11.70 km, w a s  chosen t o  allow simulation of a 62-day 
pumping test, conducted i n  fall  1985 at the H-3 hydropad south of the 

center of the WIPP site. ?he modeled area includes and extends beyond the 

WIPP controlled zone (Zone 3). 

The work performed consisted of modeling the hydrogeology of the Culebra 
using two different approaches: (1) steady-state modeling t o  develop the 

best estimate of the undisturbed head and fluid-density distribution, 
i.e., of the situation pr ior  t o  sinking of the WIPP shafts, which began i n  
1981; and (2) superimposed transient modeling of local hydrologic 
responses t o  excavation of the three WIPP shafts a t  the center of the WIPP 

site, as w e l l  as t o  various well tests. Boundary conditions (prescribed 

constant f lu id  pressures and densities) w e r e  estimated using hydraulic- 
head and fluid-density data obtained frm 40 wells at and near the WIPP 
si te.  ?he transient modeling response i n  the in t e r io r  of the model w a s  
superimposed on the steady-state baseline u t i l i z ing  the same boundary 
conditions. 
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The i n i t i a l  spatial transmissivity dis t r ibut ion i n  the Culebra dolomite 
w a s  obtained using kriging techniques. The result ing i n i t i a l  steady-state 
model w a s  calibrated against the observed formation pressures and observed 
f h i d  densities. Calibration parameters w e r e  the prescribed boundary 
conditions and transmissivities. 

The result ing spatial transmissivity dis t r ibut ion is characterized by a 
high-transmissivity zone extending between the H-11 hydropad (within the 

WIPP control zone) and the southern model boundary, which is outside the 

control zone. Modeled transmissivities within this  zone are as great as 
2 x lo-' m2/s. Inclusion of this  high-transmissivity zone is necessary i n  
the model t o  obtain the relatively low freshwater heads observed at both 
H-11 and DOE-1. The location of the zone is constrained t o  be east of 
hole P-17, because placing it further west, between holes H-4 and P-17, 
does not r e s u l t  i n  satisfactory agreement between observed and calculated 
freshwater heads. The final transmissivity dis t r ibut ion is a l so  charac- 
terized by a relatively large area of low transmissivit ies (less than 
approximately loF6 rn2/s). This area i s  mainly near the center of the 

si te,  and includes holes H-1, H-2, WIPP holes 12, 18, 19, 21, and 22, 
P-18, and H-5, i n  addition t o  the WIPP shafts. 

After calibration of the steady-state model against the best estimate of 
the undisturbed freshwater heads, the remaining difference between 
observed and calculated heads is less than 1.1 m f o r  a l l  w e l l  locations. 
Given the uncertainty associated w i t h  observed heads, the calibration is 
considered satisfactory.  

Formation-fluid densities within the modeled area range from 1.00 t o  
greater than 1.10 g/cm3. Assuming no internal  reaction and complete 
confinement of the Culebra, it was not possible t o  calibrate the steady- 
state model completely against the observed densities. Although the f i n a l  
differences between observed and calculated densities are generally less 
than 0.01 g/cm3, a difference of about 0.04 g/cm 3 remains a t  and near w e l l  
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P-17, with the measured f lu id  density exceeding the modeled value. In 
addition, it w a s  impossible t o  reproduce fu l ly  the north-to-south decrease 
i n  formation-water density observed i n  the western part of the model 

area. In t h i s  area, modeled f lu id  densities exceed those measured. One 
reason fo r  these inconsistencies may be that the hydrogeology of the 

Culebra i s  influenced by ver t ical  f lues  in to  or out of the unit ,  from the 

overlying Magenta Member (by way of the intervening Tamarisk Member) 
and/or from the underlying unnamed member of the Rustler or  Rustler/Salado 
contact zone. Another possibil i ty is that boundary conditions for  the 

modeled area are transient on the time scale required f o r  f l u i d  flow. 

In order t o  investigate the possibil i ty of ver t ica l  ground-water flow into 
the Culebra dolomite, scoping calculations were conducted f o r  two areas: 
(1) the vicini ty  of P-17; and (2) the western portion of the model area 
(south of H-6 and west of H-1). Based on these calculations, a high- 

density (highly-saline) flux frm the Rustler-Salad0 residuum, through the 

unnamed lower member of the hstler, in to  the Culebra appears possible at  
and near P-17. The order of magnitude of the volumetric f lux is estimated 
t o  be about 1.8 x m/s, or  0.1 l/min, distributed over an area of 
1 h2. The simulations at P-17 indicate that an even smaller f l u x  of 
hlgh-density brine can significantly influence the calculated dens i ty  
distribution. In fact ,  given the estimated ver t ica l  head dis t r ibut ion a t  
P-17, a low hydraulic conductivity of less than m / s  had to  be 

assigned t o  the unnamed member of the Rustler t o  avoid affecting f l u i d  

density within the overlying Culebra. Alternatively, there m a y  be an 
unresolved problem with the w e l l  completion at  P-17. In the western mdel 

area, a low-density (slightly-saline) f lux  downward from the Magenta dolo- 
mite (v ia  the intervening Tamarisk Member) in to  the  Culebra is possible, 
consistent with sparse head-potential and brine-density data from the 

Magenta. Depending gn the transmissivities assumed f o r  the Magenta and 
Tamarisk, a ver t ical  f lux  of 5 x m / s ,  or  0.3 l/min per km2, seems t o  
be possible. 
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After f ina l  calibration of the steady-state model, the following d r i l l i n g  

and testing ac t iv i t i e s  at the WIPP shafts and w e l l  locations were 
incorporated in to  the model and superimposed onto the steady-state head 

distribution: (1) a simplified but complete shaf t  history since 1981; 
(2) three pumping tests and a series of slug tests conducted at  the H-2 

hydropad i n  1982 and 1984; ( 3 )  the H-3 convergent-flow tracer test 
conducted i n  1984; ( 4 )  the H-3 step-drawdown test conducted i n  1985; 
(5)  the H-3 multipad pumping test i n  1985 and 1986; and (6 )  the 

convergent-flow tracer  test at the H-4 pad conducted between 1982 and 

1984. The hydraulic s i tuat ion i n  the Culebra dolomite was simulated f o r  
the period fran January 1, 1981 t o  December 31, 1986. 

The transient  simulation generally resulted i n  good agreement between 
model-calculated and observed long-term freshwater-head h is tor ies  at the 

shaft and w e l l  locations (e.g., H-1, H-2, H-3, DOE-1, and H-11). This 

indicates that the transmissivity dis t r ibut ion i n  this region is 
realistic. It w a s  not possible, however, t o  reproduce the short-term 
observed transient head responses at the shaf't location and nearby wells 
(WIPP-21, WIPP-22, and WIPP-19) t o  the H-3 multipad test without assuming 

additional leakage from the Culebra dolomite in to  the waste-handling 

shaft. This assumed increase i n  leakage resul ts  i n  much better agreement 
between calculated and observed pressures. Thus, it seems l i k e l y  that the 

observed freshwater heads near the WIPP shafts i n  fa l l  1985 and the f i rs t  
half of 1986 were influenced by two par t ia l ly  concurrent events: (1) the 

H-3 multipad pumping test; and (2) additional leakage i n  the waste- 
handling shaft. 

A sens i t iv i ty  analysis using the double-porosity flow conceptualization of 
SWIFT I1 w a s  conducted t o  assess the possible h p a c t  of dual-porosity 
behavior on model results.  For the purpose of regional estimation of the 

ground-water flow f ie ld  and head distribution, the double-porosity 
conceptualization does not provide significantly different  resul ts  frm 
those obtained using the single-porosity approach. 
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The modeling study discussed i n  this  interim report is based on the trans- 
missivity data available as of April 1986 as w e l l  as on the hydraulic-head 
data available as of August 1986. The next step of the modeling study 
w i l l  incorporate more recent transmissivity and hydraulic-head data. In 
addition, the model area w i l l  be enlarged and the model w i l l  be calibrated 

t o  the resul ts  of a second (northern) multipad pumping test to  be 

conducted ear ly  in 1987. The final resul ts  of the latter modeling study 
w i l l  be available early i n  1988. 
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1.3 INTRODUCTION 

The modeling s t u d i e s  of ground-water flaw i n  the Culebra Dolanite Member of 
the Rustler Formation reported here have been performed as part  of t he  

regional  hydrologic cha rac t e r i za t ion  s t u d i e s  for  the Waste I s o l a t i o n  P i lo t  

P l a n t  (WIPP) s i t e  i n  southeas te rn  New Mexico (Figure 1 . 1 ) .  The s i te  
c h a r a c t e r i z a t i o n  s t u d i e s  are being conducted i n  accordance with the 

Consul ta t ion and Cooperation Agreement between the U.S. Department of 
Energy and the State of New Mexico as part of the eva lua t ion  of t h e  

s u i t a b i l i t y  of bedded salt of the Salado Formation f o r  i s o l a t i o n  of defense 
t r ansu ran ic  waste. The reg iona l  hydrologic cha rac t e r i za t ion  s t u d i e s  are 
being coordinated by Sandia  Nat ional  Laboratories on behalf of the 

Department of Energy. 

1.1 Object ives  

The ob jec t ives  of t h i s  report are t o :  

( 1 )  document the hydrogeologic data base for  the  Culebra dolomite at 
the WIPP si te ( inc luding  Culebra e l eva t ions ,  t r a n s m i s s i v i t i e s  , 
f l u i d  d e n s i t i e s ,  freshdater heads, and hydrologic stresses during 
the  period 1981-1 986); 

(2) develop a conceptual izat ion and modeling strategy for desc r ib ing  
ground-water flow i n  the  Culebra; 

(3) present  t h e  c a l i b r a t i o n  approach and results for  simulating ground- 
water flow i n  the  Culebra under undisturbed hydraulic condi t ions  
and during the t r a n s i e n t  period (1981 t o  1986) r e s u l t i n g  fran shaft 

a c t i v i t i e s  and well tests ( i n  p a r t i c u l a r ,  t he  H-3 mult ipad pumping 
test); 
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( 4 )  present  t h e  results of s e n s i t i v i t y  analyses  t o  assess the  impact of 
v e r t i c a l  f luxes  t o  the  Culebra on the  freshwater head and f l u i d -  
densi t y d i  st ri but  i om ; 

(5) present  the results of ca lcu la t ions  and analyses  t o  assess the 

impact of double-porosity flow on the t r a n s i e n t  behavior of the 

simulated hydrogeology i n  the  Culebra dolomite. 

The spat ia l  scale for the numerical model u t i l i z e d  i n  t h i s  s tudy  w a s  
chosen t o  allow a quan t i t a t ive  evaluat ion of the H-3 mult ipad pumping 
test and to  allow a preliminary assessment of ground-water flow i n  the 

Culebra at  the  WIPP s i t e .  As such, i t  encompasses the WIPP s i t e  and its 
imrnedi ate surroundings. The model is r e l a t i v e l y  detailed s ince  i t  
includes the area containing the majority of the a v a i l a b l e  monitoring and 
test wells i n  t h i s  region. 

1 .2  Previous Modeling Studies  of Ground-Water Flow i n  the Culebra 
Dolani t e  

Various modeling studies of ground-water f l m  at the WIPP s i t e  have been 
conducted s ince  1978, with pa r t i cu la r  emphasis on the Permi an Rustler 
Formation. These s t u d i e s  are presented in :  

0 Fina l  Environmental Impact Statement (FEIS), U.S. DOE (1980) and 

0 Cole and Bond (1  980 1; 
0 D'Appolonia (1980); 
0 Barr et  al. (1983). 

WIPP Safety Analysis Report, U.S. WE (1981 1; 

The approximate areal extent  encompassed by these models is i l l u s t r a t e d  
i n  Figure 1.2. 
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The modeling s t u d i e s  presented i n  the  F ina l  Envi romenta l  Impact State-  
ment and t h e  WIPP Safe ty  Analysis Report ( S A R )  were conducted by INTERA 

during the period 1977-1980. The ob jec t ives  of these s t u d i e s  were to: 

check corlsistency or  lack of it  between var ious sets of hydro- 
geologic  data; 

calculate the ex ten t  of communication ( v e r t i c a l  permeabilities) 
between various hydrologic un i t s ;  

d e l i n e a t e  he te rogenei t ies  (i .e., s p a t i a l  v a r i a t i o n  of permeabi l i ty )  
e x i s t i n g  within each geologic formation; 

determine p o t e n t i a l s  and/or hydraul ic  conduc t iv i t i e s  i n  areas where 
data are lacking;  

determine boundary condi t ions for  local scena r io  and nuclide- 
t r a n s p o r t  modeling. 

hydrologic data base of the  above-mentioned s tudy  was obtained 
p r i n c i p a l l y  from Mercer and Orr (1977) which s m a r i z e d  data e x i s t i n g  
through February 1977 and fran a draft USGS report t o  Sandia  National 
Laboratories containing the results of well tests and pe tmeabi l i ty  
estimates at the  WIPP si te.  The hydrogeologic units included i n  t he  

modeling s t u d i e s  were the  Rustler Formation (conceptual ized as a s i n g l e  
hydrologic  u n i t ) ,  the sha l lad-d isso lu t ion  zone along the  Rustler-Salado 
i n t e r f a c e  i n  Nash D r a w ,  t h e  Delaware Mountain Group, t h e  Capi tan Reef ,  
the  Salado Formation, and the Castile Formation. 

Cole and Bond (1980) conducted a benctrnark check of the modeling s t u d i e s  
conducted by INTERA for the  FEIS. Their work w a s  performed on behalf of 
the Office of Nuclear Waste I s o l a t i o n  ( O N W I ) .  They u t i l i z e d  the  same 
data and conceptual model, but a d i f f e r e n t  nunerical  model, f o r  t h e i r  

assessments.  Their model, denoted VTT, is a two-dimensional m u l  t i l a y e r  
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model which solves  the Boussinesque equations f o r  ground-water flow and 
allows hydraulic comnunication between layer8 with an in t e raqu i f e r  
t r a n s f e r  coe f f i c i en t .  The results of their modeling s tud ie s  showed a 

very c lose  correspondence t o  results obtained using the INTERA model. 

D'Appolonia (1980) conducted modeling studies of the WIPP s i te  with the 

objec t ives  of: 

(1) ver i fy ing  the basic ca lcu la t iona l  procedures implemented by INTERA 

i n  the SAR report  f o r  the analyses of breach and t ranspor t  events;  

(2)  evaluat ing the s e n s i t i v i t y  of the r e s u l t s  t o  basic  hydrogeologic 
and geochemical parameters and source-term inputs ;  and 

( 3 )  reviewing the data base used t o  def ine the  input  parameters. 

In these s tud ie s ,  the Rust ler  Formation and the Be l l  Canyon aqui fe r  were 
modeled indiv idua l ly  with separate model g r ids  and simulations.  Overall ,  
their results and conclusions per ta ining t o  these s t u d i e s  w e r e  cons is ten t  
with the previously conducted studies.  

The model developed by Barr et  al. (1983) had the p r inc ipa l  ob jec t ives  
of :  

(1) simulating the freshwater po ten t i a l  sur faces  f o r  the Magenta and 

Culebra dolomites; 

(2)  es t imat ing rates and ex ten ts  of migration of idea l ly  nonsorbing 
contaminants in jec ted  continuously i n t o  the  Culebra and Magenta 
do lan i t e s  without d i s turb ing  the ca lcu la ted  head d i s t r i b u t i o n .  
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The model area w a s  selected t o  include t h e  region conta in ing  most of the 
hydrologic s tudy  wells and most of Nash Draw. The Culebra and Magenta 
dolcmites were modeled separately using an an i so t rop ic  two-dimensional 
model , ISOQUAD. The hydrogeologic data base consisted p r imar i ly  of 

Mercer (1983) and Gonzalez (1983 a , b ) .  Results of t h i s  s tudy  indicated 

slower ground-water movement than ca lcu la ted  i n  previous s tud ie s .  

1.3 Present Approach t o  Modeling of Ground-Water Flow i n  the Culebra 
Dolomite 

The modeling s t u d i e s  of the  Culebra presented i n  t h i s  report deal 

specif ical ly  with a spatial scale suitable f o r  i n t e r p r e t i n g  the H-3 
mult ipad pumping test and a t r a n s i e n t  period encompassing the period from 
the excavation of the  first shaft at the WIPP s i t e  i n  mid-1981 u n t i l  l a te  ' 

1986. The model-grid area is illustrated i n  Figure 1.2.  The model 
boundaries were chosen at d is tances  s u f f i c i e n t l y  far f rm t h e  H-3 
hydropad so as not t o  be wi th in  the  region affected by the pumping a t  the 

H-3 hydropad. 

The modeling methodology cons is ted  of the f o l l w i n g  steps: 

developing and documenting the hydrogeologic data base (i .e., 

Culebra thicknesses and e l eva t ions ,  t r a n s m i s s i v i t i e s ,  equivalent 
freshwater heads, f l u i d  d e n s i t i e s ,  and hydrologic impacts of t h e  

shafts and we l l - t e s t ing  act ivi t ies) ;  

employing kr ig ing  techniques t o  analyze the t r ansmiss iv i ty  data 
base and t o  estimate t h e  i n i t i a l  t r ansmiss iv i ty  d i s t r i b u t i o n  of the 
model. Kriging techniques were f u r t h e r  used during the c a l i b r a t i o n  
process i n  order t o  maintain s ta t is t ical  consistency between the 

measured t r ansmiss iv i ty  data of t he  Culebra and the transmis- 
s i v i t i e s  implemented i n  t h e  model; 
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( 3 )  s imula t ing  s teady-s ta te  flow under undisturbed hydrologic 
condi t ions ( i . e . ,  p r i o r  t o  i n s t a l l a t i o n  of the  first s h a f t ) .  Th i s  

s imula t ion  was conducted i n  two stages: (a )  c a l i b r a t i o n  of the  

model f o r  the estimated freshwater-head d i s t r i b u t i o n  on ly ,  and 
( b )  c a l i b r a t i o n  of the model for both the freshwater-head 
d i s t r i b u t i o n  and the  f lu id -dens i ty  d i s t r i b u t i o n ;  

( 4 )  s imulat ing the t r a n s i e n t  response i n  t h e  Culebra, dur ing  t h e  per iod 
1981 t o  1986, r e s u l t i n g  frcm the  excavation and s e a l i n g  a c t i v i t i e s  
of the WIPP shafts and the  major hydraulic- and t r a c e r - t e s t i n g  
a c t i v i t i e s  of the regional  hydrologic cha rac t e r i za t ion  program. 
The t r a n s i e n t  model u t i l i z e s  the  pressures and br ine  concentrat ions 
of the dens i ty-ca l ibra ted  steady-state model as i n i t i a l  condi t ions.  
The t r a n s i e n t  events a r e  implemented and the  calculated and 
observed freshwater heads are canpared f o r  selected wells; 

(5) conducting a l i m i t e d  s e n s i t i v i t y  ana lys i s  of the  effects of 

v e r t i c a l  f l uxes  t o  t h e  Culebra and t h e  impact of double-porosity 
flow on the  t r a n s i e n t  model s imulat ions.  

This  s tudy  is an in te r im s t e p  toward a more comprehensive modeling s tudy 
cha rac t e r i z ing  t h e  regional  hydrogeology of the Rustler Formation at t h e  

WIPP site.  The next  s t e p  i n  the modeling s tudy ,  which w i l l  incorpora te  
results of both t e s t i n g  of individual  holes through 1987 and of a second 
(nor thern)  multipad pumping test t o  be f ie lded  ear ly  i n  1987, w i l l  be 

completed i n  e a r l y  1988. 
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2.0 SITE CHARACTERIZATION 

2.1 General 

The WIPP s i t e  l ies  within the geologic region known as  the Delaware 
Basin and more specifically within the geographic region known as  
Lm Medaiios. Both the Delaware Basin and Lm MedaAos region occur 
wi th in  the southern s e c t i o n  of the Pecos River por t ion  of the Great 
P l a i n s  Physiographic Province. Los MedaAos is a reg ion  of gent ly  
s l o p i n g  t e r r a i n  which rises eastward fran the Pews River t o  the  western 
caprock of the Llano Estacado, located approximately 40 h t o  the 

no r theas t  of t h e  WIPP s i t e  (Mercer, 1983). 

2.2 Stratigraphy - 
The f o l l w i n g  stratigraphic sunmary is l i m i t e d  t o  a d iscuss ion  of those 
sedimentary u n i t s  which crop out  i n  and around the WIPP s i te .  These 
formations range i n  age from Permian t o  Quaternary as s b w n  i n  the 

geologic colunn i l lus t ra ted  i n  Figure 2.1. The Delaware Mountain Group 
r ep resen t s  the Permian Guadalupian Series and is composed of a series of 
f ine-grained clastic rocks. I n  the  WIPP area, t h e  Delaware Mountain 
Group consists of the Brushy Canyon, t h e  Cherry Canyon, and the Bell 
Canyon Formations. The Bell Canyon c o n s i s t s  of in te rbeded  sandstone and 

shale which represents  the  fore-reef facies of a massive Permian reef 
known as t h e  Capitan Limestone. The Ochoan Series rocks o v e r l i e  the 
Guadalupian Series and contain a t h i c k  e v a p o r i t i c  sequence which accumu- 
lated i n  t he  Delaware Basin during Permian time. The Castile Formation 
is the basal formation of the Ochoan Series and is composed p r i n c i p a l l y  
of anhydri te  and h a l i t e  wi th  sane carbonates and sandstones.  Overlying 
the Cast i le  is the Salado Formation, which is composed of t h i c k  beds of 
hal i te  interbedded with anhydr i te ,  polyhalite,  dolomite, and c lay .  More 
complete descriptions of the Salado Formation are found i n  Jones (1973, 
1975).  Overlying t h e  Salado Formation is t h e  Rustler Formation, which 

is t h e  m o s t  water-transmissive formation i n  the  area (Mercer, 1983). 
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The Rustler Formation has been divided i n t o  f i v e  separate members based 

upon l i t ho logy  (Vine, 1963). They are i n  ascending order: ( 1 )  the  

unnamed lower member composed of massive s i l t s t o n e  o v e r l a i n  by a l t e r n a t -  
ing beds of h a l i t e ,  s i l t s t o n e ,  and anhydr i te ;  (2 )  t h e  Culebra Dolomite 
Member; (3)  t h e  Tamar isk  Member composed of two zones of massive t o  
bedded anhydr i te  separated by a th ick  sequence of h a l i t e  and s i l t s t o n e s ;  
(4 )  the Magenta Dolomite Member; and ( 5 )  t h e  Forty-niner Member composed 
of two th ick  anhydri te  zones separated by a s i l ty -ha l i te  u n i t ,  as i n  the 

Tamar i sk .  The Rus t le r  Formation lithology presented above represents  
the l i t h o l o g i c a l  succession encountered i n  borehole P-18 which Snyder 
(1985) be l ieves  t o  be a complete unal tered s e c t i o n .  The Rustler 
l i t h o l o g y  va r i e s  across  the model area. Fur ther  d i scuss ion  of t h i s  

v a r i a b i l i t y  is contained i n  Sect ion 2.4. The Rus t l e r  Formation is 
conformably ove r l a in  by t h e  Upper Permian Dewey Lake Red Beds, a series 
of interbedded s i l t s t o n e s  and sandstones.  These beds have prevalent 
v e r t i c a l  f r a c t u r e s  which are general ly  gypsum f i l l e d .  

I n  the e a s t e r n  por t ion  of the WIPP s i te ,  the  Dewey Lake  Red Beds are 
unconformably ove r l a in  by a Triassic clastic sequence deposi ted i n  a 
t r a n s i t i o n a l  depos i t iona l  complex of f l u v i a l ,  d e l t a i c ,  and l a c u s t r i n e  
envi roments .  These u n i t s  are co l l ec t ive ly  referred t o  as the  Dockum 
Group. 

Overlying the Dockum Group, where present ,  and the Dewey Lake Red Beds 

i n  the WIPP s i te  area, is a sequence of poorly s o r t e d  cont inenta l  
deposits of Quarternary Age. These are, i n  ascending order, the Gatda 
Formation, the Mescalero Caliche, and Recent Alluviun and other 
s u r f i c i a l  deposits.  The Gatda Formation c o n s i s t s  of a sequence of pale  
reddish-brown terrestrial sandstones and conglcmerates which were l a i d  

down after a maximm cycle of erosion within the  Pecos River V a l l e y  
during a much more hunid pluvial  time (Bachman, 1980). I z e t t e  and 
Wilcox (1982) dated an ash bed i n  the upper por t ion  of the Gatufia as 
middle P le i s tocene  (600,000 y r s .  B. P . )  by mineralogy and f i s s ion - t r ack  
da t ing .  
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Overlying the CatuSIa Formation is the  Mescalero caliche which is a 
pedogenic caliche formed i n  t h e  C horizon of a paleosoil during a 
t e c t o n i c a l l y  and climatically stable period fo l lowing  the depos i t ion  of 
t he  Gatufla Formation (Bachman, 1980). The Mescalero caliche has been 
dated as being Ple i s tocene  (51 0,000-41 0,000 y r s  . B. P. through uraniun- 
series d i s e q u i l i b r i m  techniques (Bacl-cnan, 1980). Overlying the caliche 
are a series of Holocene s u r f i c i a l  deposits which consist of sheetlike 

deposits of s u r f a c e  sand ,  sand s o i l ,  and sand dunes.  

2.3 Regional Hydrogeology 

I n  t h i s  report, the  d iscuss ion  of the  reg iona l  hydrogeology w i l l  be 

l imited t o  the Rustler Formation and the uppermost Salado Formation. 
There are three s i g n i f i c a n t  water-transmissive horizons above the  waste- 
emplacement horizon located i n  t h e  Salado Formation. These are, i n  
ascending order, ( 1  the Rustler-Salad0 ffcontact l f  r e s i d u m ,  which va r i e s  
i n  pos i t i on  between the  Rustler-Salad0 contac t  i tself  and a pos i t i on  
wi th in  the  uppermost Salado Formation ( i n  Nash Draw); ( 2 )  t h e  Culebra 
Dolomite Member; and (3 )  the  Magenta Dolcmite Member (Mercer, 1983).  

The Rustler-Salad0 contac t  residuum is transmissive i n  some areas around 
the  WIPP s i te  (Mercer, 19831, I n  Nash Draw and areas imnediately w e s t  
of the WIPP si te,  t h e  contac t  e x i s t s  as a d i s s o l u t i o n  res idue  capable of 
t r ansmi t t i ng  water. Robinson and Lang (1938) referred t o  t h i s  residuum 
making up the  contact  as the  “b r ine  a q u i f e r f f .  As one moves eastward 
from Nash Draw toward t h e  Livingston Ridge s u r f a c e ,  d i s s o l u t i o n  i n  the 

uppermost Salado, at the  Rustler-Salado con tac t ,  and wi th in  the unnamed 
lower member of t h e  Rustler Formation decreases and the t r a n s m i s s i v i t y  
of t h i s  i n t e r v a l  decreases. Transmiss iv i t ies  f o r  t h e  Rustler-Salad0 

residuun range f r a n  2.2 x lo-’* t o  8.6 x m 2 / s  i n  Nash Draw and f r a n  
3.2 x t o  5.4 x m 2 / s  eastward fran Livingston Ridge (Mercer, 
1983). I n  the waste-handling s h a f t ,  no water inf lows f r a n  t h i s  i n t e r v a l  
were observed during excavation and shaft mapping (Holt and Pwers, 
1984).  
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The Culebra dolmite is considered t o  be t h e  most t ransmissive 
hydrogeologic mi t i n  t h e  WIPP-si te area. Mercer (1  983) describes 
ground-water flcw wi th in  the Culebra as being sou the r ly  i n  Nash Draw and 

south  t o  southwesterly beneath the  Livingston Ridge surface. Reported 
values for  t r ansmiss iv i ty  i n  the Culebra i n  t h e  Nash Draw area range 
f r a n  1.9 x loe5 t o  1 .3  x 10-3 m2/s (Mercer, 1983). Within the  model 
a r e a ,  the  t r ansmiss iv i ty  ranges fran 2.1 x t o  1 .2  x 10-3 m 2 / s  
(Table 5.5). Hydraulic grad ien ts  i n  t h e  Culebra at the  WIPP s i t e  range 
fran 1.3 x loe3 t o  3.8 x lom3 (Mercer, 1983). A s  a general  t r e n d ,  t o t a l  
dissolved s o l i d s  inc rease  fran w e s t  t o  east across  the WIPP site and the 

model area. For a more detailed discussion of the geochemistry of the 

Culebra at the  WIPP s i te ,  see Appendix E. 

Ground water i n  the Magenta dolmite genera l ly  flaws fran the no r th  
toward the  westsouthwest (Mercer, 1983). I n  m o s t  areas east of Nash 

Draw, and east and south  of the  H-6 hydropad, t h e  Magenta e x i s t s  as a 
confined system with very low t ransmiss iv i ty  (less than or equal to  
4.3 x m2/s). The d i f fe rence  between Magenta and Culebra hydraulic 

p o t e n t i a l s  genera l ly  increases  eastward, with the  Magenta having higher 

p o t e n t i a l s .  I n  areas of Nash Draw, t h e  Magenta is gene ra l ly  a t  water- 
table condi t ions and may have a s t ronger  hydraul ic  connection t o  other 
u n i t s  i n  the Rustler Formation. I n  o the r  parts of Nash Draw, the 

Magenta is unsaturated.  Magenta t r a n s m i s s i v i t i e s  range as high as 
3.8 x t o  5.7 x loy4 m2/s immediately east of Nash Draw. 

Although t h e  Rustler-Salad0 residuun,  the Culebra Dolomite Member, and 

the Magenta Dolani te  Member are genera l ly  found t o  be the pr imary 

t ransmissive u n i t s  wi th in  t h e  Rustler, zones of r e l a t i v e l y  high trans- 
m i s s i v i t y  have been tested local ly  i n  the  Rustler Formation ou t s ide  of 
these horizons (Chaturvedi and Channell, 1985). I n  a f w  cases ,  
discrete arg i l laceous  zones within the Forty-niner Member and the 

Tamarisk Member have produced water at  equivalent  rates t o  t h e  Culebra 
or the Magenta upon t e s t i n g  (Mercer and Orr, 1979; Beauheim, 1986). 
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2.4  Regional Dissolut ion and the  Effects Upon Flow i n  the  Rus t l e r  
Formati on 

Based upon observat ions of outcrops,  co re ,  and detailed shaf t  mapping, 
t h e  Culebra can be charac te r ized  as a fractured mediun, a t  least 
l o c a l l y ,  at the WIPP s i t e  (Chaturvedi and Rehfeldt, 1984; Holt and 
Powers, 1984).  As the  magnitude of f r a c t u r i n g  and developnent of secon- 
da ry  porosity inc reases ,  the  Culebra t r ansmiss iv i ty  gene ra l ly  inc reases  
(Chaturvedi and Channell, 1985).  The presence and degree of f r a c t u r i n g  
i n  the Culebra dolomite is  thought t o  be d i r e c t l y  related t o  the  amount 
of d i s s o l u t i o n  of h a l i t e  occurr ing below t h e  Culebra (Snyder, 1985).  

Disso lu t ion  wi th in  the  Rustler Formation is observed both a t  the surface 
wi th in  Nash D r a w ,  and i n  the subsurface at t h e  WIPP si te.  Nash Draw, 
located immediately w e s t  of t h e  WIPP s i te ,  is a depression r e s u l t i n g  
fran both d i s so lu t ion  and erosion (Bachnan, 1981).  I n  Nash Draw, 
members of the Rustler are a c t i v e l y  undergoing d i s s o l u t i o n  and local ly  
contain caves,  s i n k s ,  and tunnels  t y p i c a l  of karst morphology i n  
evapori  ti c t e r r a i n  . 

Bachman (1980) i d e n t i f i e d  three t y p e s  of d i s s o l u t i o n  occur ing  i n  the 

Delaware Basin: l o c a l  d i s s o l u t i o n ,  regional  d i s s o l u t i o n ,  and deep-seated 
d i s so lu t ion .  Local d i s so lu t ion  is near-surf ace d i s s o l u t i o n  where 
s u r f a c e  or ground waters penet ra te  s o l u b l e  strata through j o i n t s  or 
fractures, causing local d i s so lu t ion  and poss ib l e  collapse and f i l l ,  as 
well as d i s s o l u t i o n  f e a t u r e s  such as shallow caves above the  reg iona l  
water table. Regional d i s so lu t ion  occurs  when chemically unsa tura ted  
water penet ra tes  to  permeable beds, where it migrates l a t e r a l l y ,  
d i s so lv ing  s o l u b l e  units which i t  contac ts .  On a reg iona l  scale, the  

consequence of such d i s so lu t ion  appears to  be removal of h ighly  so lub le  
rock types ,  such as hali te,  combined w i t h  displacement and f r a c t u r i n g  of 
ad jacent  rocks. Deep-seated d i s so lu t ion  occurs well below t h e  water 
table, forming caverns wi th in  the rock. 
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A t  the WIPP s i t e ,  regional  d i s so lu t ion  is thought t o  have occurred 
wi th in  the  Rustler Formation i n  the  past  (Snyder, 1985). However, there 
is some controversy as t o  whether t h i s  d i s so lu t ion  f r o n t  is still 
ac t ive .  Backman (1985) feels tha t  most of the d i s s o l u t i o n  i n  the 
Rustler predates  or occurred during a much more hunid time (Gatufia Time) 

i n  southeas te rn  N e w  Mexim over 500,000 years before present .  Bachman 
(1985) does sugges t ,  however, t h a t  d i s so lu t ion  is still a c t i v e  i n  Nash 

Draw and i n  areas very c lme t o  Livingston Ridge. 

I n  t h e  Rustler Formation at the WIPP s i t e ,  most i n v e s t i g a t o r s  feel that  
a w e s t w a r d  increase  i n  regional  d i s so lu t ion  is reflected by a decrease 
i n  the  nunber and thickness  of ha l i te  beds and subsequent th inning  of 
the Rustler Formation (Figure 2 . 2 ) .  The stratigraphic l e v e l  of the  

first occurrence of salt is i n  the upper Rustler along the e a s t e r n  
margin of the WIPP s i t e ,  and progressively moves down-section through 
t h e  Rustler as one moves w e s t .  As t he  bedded h a l i t e  are d isso lved ,  
i n so lub le  res idues  remain, forming beds of mudstones, s i l t s t o n e s ,  and 
chaotic breccia with a c lay  matrix. Figure 2 . 3  shows a w e s t  t o  east 
c ross -sec t ion  taken between wells P-6,  H-3, DOE-1, and P-18. Halite 
beds i n  the non-dolomitic members tend t o  be t h i n  and grade westward 
i n t o  the residuun. Although m o s t  i nves t iga to r s  concur wi th  the premise 
that  a d i s so lu t ion  f r o n t  exists i n  t h e  Rustler Formation at the  WIPP 

s i te  (Cooper and Glanman, 1971 ; Pwers et  al., 1978; Mercer, 1983; 
Chaturvedi and Rehfeldt,  1984; and Snyder, 19851, there are i n v e s t i -  
gators w h o  oppose t h i s  concept and bel ieve that the westward decrease i n  
hal i te  wi th in  the  Rustler represents  depos i t iona l  limits (Lambert, 1983; 
Holt and PckJers, 1984). Holt and Pwers (1984) reported that i n  their  

detailed mapping of the Rustler i n  the waste-handling s h a f t ,  no post- 
depos i t iona l  d i s so lu t ion  features were i d e n t i f i e d .  

Whether or not the d i s so lu t ion  f r o n t  hypothesis  is c o r r e c t ,  there are 
general  t rends  associated w i t h  t he  presence or lack of bedded hali te 
wi th in  t h e  Rustler Formation. As shown i n  Figure 2.2, as the presence 
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of bedded halite wi th in  the  Rustler inc reases ,  so  does the th ickness  of 
the formation. Generally,  as the amount of h a l i t e  i n  t h e  Rustler 
decreases, the t r ansmiss iv i ty  of the  dolomit ic  members increases ,  
presunably as a result of increased f r a c t u r i n g  of the u n i t s  as a result 
of hali te removal and subsequent foundering and collapse of the  more 
canpetent dolomite beds. I n  pa r t s  of Nash Draw, hydraulic p o t e n t i a l s  i n  
the Magenta and Culebra are e s s e n t i a l l y  the same. As one moves eastward 
onto  t he  Livingston Ridge su r face ,  the d i f f e rence  i n  hydraulic 
p o t e n t i a l s  between these two u n i t s  increases .  This could represent  the  

inc rease  i n  t h e  e f fec t iveness  of t h e  T a m a r i s k  Member as  a confining un i t  
(or aqu i t a rd )  w i th  decreased h a l i t e  removal. 





3.0 MODEL CONCEPTUALIZATION FOR THE CULEBRA DOLOMITE 

T h i s  chapter describes the conceptualization of t h e  model i n  general .  
I t  comprises a descr ip t ion  of the  computer code, a d iscuss ion  of the 

a s s imi l a t ion  and evaluation of the hydrogeologic data base, a s  well as a 
desc r ip t ion  of the basic model proper t ies  (e.g. ,  e x t e n t s ,  g r i d ,  physical  
parameters, boundary condi t ions ,  e tc . ) .  

3.1 Swift I1 Code Description 

Having evolved from the U.S. Geological - Survey - Waste - I n j e c t i o n  - Program 
SWIP ( In te rcanp ,  19761, the - Sandia - Waste-Isolation - - Flow and - Transport 
Model, SWIFT, has been continuously developed and maintained s i n c e  1975. 
I t  is a f u l l y  t r a n s i e n t ,  three-dimensional f i n i t e - d i f f e r e n c e  code which 

so lves  the coupled equations f o r  flow and t r anspor t  i n  geologic media. 
The processes considered are: 

- f l u i d  flow 
- heat t r anspor t  
- ' dominant-species miscible displacement (b r ine  migra t ion)  
- t race-spec ies  miscible displacement 

Dcminant-species miscible displacement refers t o  br ine  migration, 
whereas trace-species miscible displacement a p p l i e s  t o  the t r a n s p o r t  of 
s o l u t e s  at concentrations not s i g n i f i c a n t l y  a f f e c t i n g  the  fluid-flow 
parameters and may include radionuclide-chain t r anspor t .  The model w a s  
developed f o r  appl ica t ions  related t o  radionuclide t r a n s p o r t  and, hence, 
t he  following discussions refer s p e c i f i c a l l y  t o  radionuclides.  However, 
the  model is general and can handle the t r anspor t  of any trace spec ie s  
undergoing so rp t ion  or f i r s t - o r d e r  l o s s e s .  
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The first three processes are coupled v i a  f l u i d  d e n s i t y  and v i s c o s i t y .  
Together they provide the ve loc i ty  f i e l d  on which the  f o u r t h  process 
depends (Di l lon  et al., 1978; Reeves and Cranwell, 1981 ; Finley and 
Reeves, 1981 1. 

I n  1984, the c a p a b i l i t y  of SWIFT w a s  enhanced t o  include fractured 

media, a free-water surface, and extended boundary condi t ions.  The new 
code was designated SWIFT 11. 

The SWIFT I1 model has been se l ec t ed  for  i n t e r p r e t i n g  the H - 3  multipad 
pumping test because it has a var iable-densi ty  formulation and is 
designed t o  simulate flcw and transport processes i n  both porous and 

f ract ured media. 

A comprehensive descr ip t ion  of the  theory and implementation of the  

SWIFT I1 model w a s  presented i n  Reeves et al. (1986a). Two o ther  
documents related t o  the SWIFT I1 code have been publ ished,  namely a 
data input  guide for SWIFT I1 (Reeves et al., 1986b), and ve r i f i ca t ion -  
va l ida t ion  tests for  both SWIFT codes (Ward e t  al., 1984). 

Because of the canprehensi ve docunentation already a v a i l a b l e ,  t he  

following sections are restricted t o  a brief d iscuss ion  of the  basic 
equat ions used by SWIFT I1 (Reeves et  al., 1986a). 

3.1 . 1 General Approach 

The SWIFT I1 model is designed t o  simulate flow and t r anspor t  
processes i n  both s i n g l e  and double-porosity media. The ana lys t  
des igna tes  the fractured regions of the system t o  which dual porosity 

is t o  be appl ied.  I n  those particular reg ions ,  two sets of equat ions 
are solved,  one f o r  the f r a c t u r e  processes and the o the r  for  the 

mat r ix  processes.  The f rac ture-poros i ty  equat ions descr ib ing  flow and 
t r anspor t  fo r  the f r ac tu red  regions are i d e n t i c a l  t o  t h e  s ing le-  
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poros i ty  equations for  the nonfractured m n e ,  except for s i n k  terms 
giv ing  the  losses t o  the matrix. Consequently, one general set of 
equations which app l i e s  t o  both zones is presented, which w i l l  be 
c a l l e d  the  global  set  of equations. The matrix-porosity equat ions  f o r  
the fractured zone differ  smewhat fran their global counterpar t s .  
Therefore,  a separate set of equations is presented which w i l l  be 
called the local set of equations. As w a s  mentioned before, a 
variable-density formulation is used throughout. Density,  v i s c o s i t y ,  
po ros i ty ,  and enthalpy may be s t rong ly  dependent on one o r  more of 
pressure ,  temperature, and brine concentration, but not on trace- 
species or radionuclide concentrations.  For t h i s  reason, the f l m ,  

heat, and brine equations are termed the primary equat ions .  

A s t eady- s t a t e  s o l u t i o n  opt ion  is provided f o r  the g l o b 1  primary 
equations wi th  two qua l i f i ca t ions .  F i r s t ,  it is assuned that heat 
transport is b a s i c a l l y  a t r a n s i e n t  process. Ce r t a in ly ,  t h i s  is true 
for high-level nuclear waste r e p o s i t o r i e s ,  a dominant a p p l i c a t i o n  for  
the code. Thus, heat t r a n s p o r t ,  l i k e  radionuclide t r a n s p o r t ,  is not 
included i n  t he  s t eady- s t a t e  option. Secondly, it is assuned tha t  

matrix processes are n e g l i g i b l e  at steady state. Consequently, the 

state equations f o r  the mat r ix  poros i ty  are not solved f o r  the  

s t eady- s t a t e  option. Of course,  t h e  code w i l l  permit t r a n s i e n t  
s o l u t i o n  of radionuclide t r anspor t  (with or  without dual po ros i ty )  i n  
conjunction w i t h  s t eady- s t a t e  s o l u t i o n  of the primary equations s i n c e  
t h i s  is perceived as  a desirable simulation procedure. 

I n  the fo l lawing  s e c t i o n s ,  the order of presenta t ion  is that of global 
t r a n s i e n t  equations followed by globdl steady-state equat ions  followed 
by local t r a n s i e n t  equations. 
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3.1.2 The Global Transient-State  Equations f o r  Flw, Heat, Brine,  
and Radionuclide Transport 

The t r anspor t  equations are obtained by combining the appropriate  
con t inu i ty  and c o n s t i t u t i v e  relations and have been presented by 
s e v e r a l  authors ,  including Cooper (1  9 6 6 ) ,  Reddell and Sunada ( 1  9701, 
Bear (19791, and Aziz and Set tar i  (1979). Sink terms I' are included 
for f r ac tu red  zones i n  which losses to  t h e  rock matrix are 
s i g n i f i c a n t .  The r e s u l t i n g  r e l a t i o n s  may be stated as follows' : 

Flu id :  

- v*(py> - 

3 convection produc t ionL s ink /  
source 

+ R; 
salt loss t o  

d i s so lu t ion  matrix 

(3-1) 

Heat: 

Hq - 'H 
- V * ( p H ? )  + V*(E+*VT) - HIq - 

- 
convection conduction/ injected4 produced s ink /  

d i s pers i on en t ha1 py enthalpy source 

- ( w v  + rH) - - - a [$pu + ( l - @ ) P R u R 1  ( 3 - 2 )  
a t  

loss  t o  matr ix  accumulation i n  f l u i d  and rock 

' A l l  terms are defined i n  Appendix A. 

This terni refers t o  f l u i d  loss (production) o r  f l u i d  gain ( i n j e c t i o n )  
through wells. 

This  term refers t o  a sink/source o the r  than a well. 
s ign  denotes a s i n k ,  and a negat ive s ign  denotes a source.  

This  is a source term s ince ,  by t h e  adopted s i g n  convention, the  rate 
of f l u i d  i n j e c t i o n  is inherent ly  negative.  

A p o s i t i v e  
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Brine : 

* CI CI CI 

- ~ * ( p C u )  + V * ( p E  *VC) - CIq - cq =C 

d i f fus ion  
mnve c ti on dispersion/ in j ec t ed  produced 

br ine  br i ne 
* 

( 3-3 1 a 6 

- (crw + rc) = at ($PC)  
accumulat i on 

RC + 
sal t  loss to  matrix 

d i  s s o l u t i  on 

Radionuclide r: 

- v*(pcrg)  + U * ( P E c * V C r )  - - crq - Qr + qwr 
conve c t  i on d i  s ~ r s  i on/ produced s ink/  waste 

d i f fus ion  component source leach 

N 
- (crrw + rr)  + 1 krsAS~4PCs + (l-+)PRwsl 

s=l generation of component loss t o  
matrix r by decay of s 

(3-4) 

- Xr[$PCr + (1-4)P*WrI = at a h P C ,  + (l-@)P&l 
decay of component r accumulation 

Several  quan t i t i e s  i n  Equations (3-1) - (3-4) r equ i r e  f u r t h e r  def i -  

n i t i o n  i n  terms of the basic parameters. The tensors i n  Equations 
(3-21, (3-3),  and (3-4) are defined as sums of d ispers ion  and 
molecular terms: 

l Z C = E + D I  m= 

and 

(3-5 1 
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where 

= c y G i j  + (g, - q u . u . / u  ( 3-7 1 
Di j 1 J  

i n  a Car tes ian  system. Also, so rp t ion  of radionucl ides  is included 
v i a  an assunption of a nonl inear  Freundlich equi l ibr ium isotherm: 

Equations (3-1) - (3-4) are coupled by a u x i l i a r y  r e l a t i o n s  for :  

Darcy ve loc i ty :  

porosi ty:  

f l u i d  density:  

A 

p = p, [ I  + % ( p p 0 )  - C ~ ( T - T ~ )  + ccc1 

f l u i d  v iscos i ty :  

f l u i d  enthalpy: 

H = Uo + U + PIP 

(3-9) 

(3-1 3) 
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f l u i d  i n t e r n a l  energy: 

U = C p ( T  - To) (3-1 4) 

rock i n t e r n a l  energy: 

UR = c p ~ ( T  - To) (3-15) 

where parameter cc i n  Equation (3-11) is defined i n  terms of an input  
dens i ty  range ( pI - pN) and the re ference  dens i ty  po: 

(3-1 6) 

Furthermore, an i n t e r n a l  energy Uo is included i n  Equation (3-13) t o  
account for  the d i f fe rence  i n  re ference  condi t ions as s p e c i f i e d  by the 

analyst and t h e  reference condi t ions specified i n t e r n a l l y  f o r  the  

enthalpy.  

3.1.3 The Global Steady-State Equations f o r  F lcn  and Brine Transport 

I n  s a f e t y  eva lua t ions  fo r  nuclear-waste r e p o s i t o r i e s ,  q u i t e  of t e n  the 

time frame of i n t e r e s t  may extend over many thousands of years .  
Typ ica l ly ,  the assumption of t i m e i n v a r i a n t  flow and b r ine  condi t ions  
is j u s t i f i e d  i n  such cases due t o  the lack of specific data for  such a 
long period of time. For the f l u i d  flow, the o v e r a l l  effect of 
t r a n s i e n t  rainfall boundary condi t ions may have a minor effect on 
rad ionucl ide  t r anspor t .  Duguid and Reeves (1976) have shown t h i s  f o r  
a combined saturated-unsaturated s imula t ion  of tritium t ranspor t  
averaged over a period of only one month. For the b r ine  t r a n s p o r t ,  
t r a n s i e n t  effects at  depth l i k e l y  w i l l  be n e g l i g i b l e  a l so .  For the 

heat t r a n s p o r t ,  however, the  radionucl ides  stored wi th in  a r epos i to ry  
w i l l  provide a t r a n s i e n t  source of heat for thousands of years. Thus, 
heat transport is considered here t o  be a t r a n s i e n t  process and is not 
included as a steady-state opt ion .  
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Two s teady-s ta te  opt ions have been included. 
sol u t i  on of the time- independent f 1 ow e quat i  on: 

The first opt ion permits 

F lu id  ( s teady-s ta te )  : 

= o  (3-17) Rt + qW 
- q - v * (  pu)  - 

conduction production sink/ salt 
source d i s so lu t ion  

I n  both opt ions  the  accumulation and the matr ix- loss  term are set  t o  
zero, as s b w n  e x p l i c i t l y  i n  Equation (3-17). For the  steady-state 

f luid-f law opt ion ,  however, t h e  salt d i s so lu t ion  term is also set t o  
zero, and t h e  presence of br ine  and heat are included by way of t h e  

mechanisms of a var iab le  dens i ty  and a var iab le  v i scos i ty .  

The second opt ion permits a coupled time-independent s o l u t i o n  for  both 

f l u i d  flow, Equation (3-171, and b r ine  t ranspor t :  

Brine ( s teady-s ta te )  : 

A A A A 

-v ( PCLg + G*(PEC*VC) - C1q - cq 
convec ti on d i  s pers i  on/ i n j ec t ed  produced 

d i f fus ion  br ine  b r ine  

= o  RC + 

salt 
d i s so lu t ion  

(3-18) 

I n  t h i s  case, i n  addi t ion  t o  a var iab le  dens i ty  and a va r i ab le  
v i s c o s i t y ,  the  sa l t -d i s so lu t ion  term is non-zero, i n  general .  
However, f o r  the  purposes of t h i s  r e p o r t ,  the  s a l t - d i s s o l u t i o n  term 
was assuned t o  be zero. 
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3.1.4 The Local Trans ien t -S ta te  Equations for  Flaw, Heat, Brine,  and 
Trace Species (Radionuclide) Transport Within the Rock Matrix 

The f l m  and t r anspor t  processes occurr ing wi th in  the rock matr ix  are 
conceptualized as being orthogonal t o  the fractures. Thus, it is 
assumed that the fractures provide the  only means for  large-scale 
movements through the  e n t i r e  system whi le  the mat r ix  provides most of 

the storage of the system. The approach used here t o  treat the 

fracture-matrix system is similar t o  that  used by Bear and Braester 
(1972),  Huyakorn et a l .  (19831, Pruess and Narasimhan (19821, Tang e t  
al. (1 981 , G r i s a k  and P i c k e n s  ( 1  9801, Streltsova-Adams ( 1  9781, and 

Rasmuson et al. . ( 1  982). 

The equations used here f o r  the  matrix are very similar t o  those 
presented i n  Sec t ion  3.1.2. They are as follows: 

F lu id  (matrix): 

- V.(p'u') - + 

conduction ga in  f r a n  accumulation 
fracture 

Heat (matrix ) : 

- V*(p'H'g') + V * ( E ; I V T ' )  + (H'I" + FA) w 
convection conduct i on/ gain f r a n  

d ispers ion  fracture 

- - a [q l ' p ' u '  + (l-$)pRu;] - a t  
accumulation i n  f l u i d  

and rock 

(3-19) 

(3-20) 

Brine (matr ix) :  
A A * 

- v . ( p ' c w )  - + V + ' E ~ ' )  + ( c ' r i  + r;) 
convection d i  s persion/ ga in  fran 

d i f f u s i o n  fracture 
A 

= at a (6 'p 'C ' )  (3-21 1 
accumul at i on 
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Radionuclide r (matrix) : 

convection dispersion/ generation of canponent 
d i f fus ion  r by decay of s 

( 3-22) 
decay of gain fran accmula t ion  

component r f r ac tu re  

Both convection and dispersion terms a re  re ta ined i n  Equations (3-19) 
through (3-22). These terms a r i s e  only through f lu id-dens i ty  changes 
and l i k e l y  w i l l  be negl ig ib le  except f o r  h igh ly  pressurized and/or 
h ighly  heated regions. I t  is ant ic ipa ted  tha t  e i t h e r  pa ra l l e l  
f r a c t u r e s  or in t e r sec t ing  s e t s  of pa ra l l e l  f r ac tu re s  will be t r ea t ed  
(Figure 3.1). For the  former, a prismatic block is invoked i n  the 
numerical so lu t ion ,  and f o r  the l a t t e r ,  e i t h e r  prismatic or spher ica l  
blocks may be used t o  approximate the ac tua l  matrix geometry. Thus, 
e i t h e r  one-dimensional Cartesian or spherical  geometry may be used for  
the  loca l  matrix equations. I n  e i t h e r  case,  t he  i n t e r i o r  boundary is 

assumed t o  be a r e f l e c t i v e  no-flaw boundary. The f rac ture /mat r ix  
in t e r f ace  provides a source ( r ' )  which is iden t i ca l  t o  the  f r a c t u r e  
loss ( r )  wi th in  a geometrical sca l ing  f a c t o r .  

Many of the coe f f i c i en t s  of Equations (3-19) through (3-22) require  
f u r t h e r  spec i f i ca t ion .  The coef f ic ien ts  of t h e  second-order t ransport  
terms a re  defined a s  follows: 

(3-23) E '  C = D '  + DA 

EA = D ' p ' C  + KA (3-24) 
P 
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.- 

D'  = ( t u '  ( 3-25) 

For the rock mat r ix ,  d i f f u s i o n  is expected t o  dominate t h e  d i spe r s ion  
Et, i n  con t r a s t  t o  the d ispers ion  ( EC f o r  the global s imula t ion .  
Consequently, the dependence of d i f fus ion  upon temperature is expected 
t o  be much more s i g n i f i c a n t  than i n  the global system and is included 
through the l i n e a r  r e l a t i o n :  

- 

Sorpt ion  of radionucl ides  within the matrix is included v i a  the as- 
sunpt ion of a l i n e a r  equilibrium isotherm: 

Equations (3-19) through (3-22) are coupled by fou r  a u x i l i a r y  rela- 
t i o n s  f o r  

Darcy ve l  oci t y (matrix ) : 

Porosity (matr ix) :  

4' = 4); [ 1  + q P ' - P o ) ]  

F l u i d  dens i ty  (matr ix) :  

( 3-29) 

(3-30) 

Y 
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Fluid  v i s c o s i t y  (matrix): 

Three a u x i l i a r y  equations a r e  required by Equation (3-20): 

F lu id  enthalpy (matr ix) :  

H' = Uo + U' + p ' / p '  

Flu id  i n t e r n a l  energy (matrix): 

U' = cp(T' 

Rock i n t e r n a l  energy (matrix): 

- To) 

U '  = C '  (T '  - To) 
R PR 

(3-31 

( 3-32 1 

( 3-33 1 

(3-34) 

Parameter cc is defined by Equation (3-161, and it  is assumed i n  
Equation (3-28) t h a t  grad ien ts  of the e l eva t ion  head are of neg l ig ib l e  
importance i n  determining Darcy v e l o c i t i e s  wi th in  t h e  matr ix  (i .e. ,  
medi m is nondef ormi ng 1 . 

3.2 Ceanetric Model Description 

With SWIFT I1 chosen as the computer code, the next s t ep  of the regional  
model conceptual izat ion w a s  the s e l e c t i o n  of the geane t r i c  model proper- 
ties. They consist of the  horizontal  and v e r t i c a l  model dimensions i n  
general  and the g r id  block s i z e s  and gr id  block e l eva t ions  i n  partic- 

u l a r .  The cr i ter ia  for  the  s e l e c t i o n  of the  geometric model p rope r t i e s ,  
as well as the selected proper t ies  themselves, are summarized i n  the 

fol lowing sections. 
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3.2.1 Horizontal Dimensions (Model Area) 

,- 

The approximate loca t ions  of the boreholes i n  the  WIPP area are shown 
i n  Figure 3.2. Different  symbols are used f o r  wells which (poss ib ly )  
reacted t o  the 62 days of pumping a t  H-3bZ and f o r  those which are 
judged not t o  have responded measurably t o  the  pumping. 

The Universal  Transverse Mercator (UTM) coordinates of t h e  wells which 

are open t o  the Culebra dolomite are given i n  Table 3.1. Most of the 

data were obtained f r a n  a s a t e l l i t e  posi t ioning survey performed i n  
1984 (Hydro Geo Chem, 1985). For those wells where no s a t e l l i t e  
pos i t ion ing  survey coordinates were a v a i l a b l e  t h e  U T M  coordinates  were 
calculated using t h e  Township Range coordinates as reported i n  t h e  

Basic Data Reports issued by Sandia I ia t ional  Laboratories fo r  each 
borehole. For seve ra l  of the H-series hydropads, t h e  Township Range 
coordinates were obtained from land  surveys conducted by D .  Reddy, New 
Mexico Land Surveyor. 

The ho r i zon ta l  model dimensions (model area) shgwn i n  Figure 3.2 were 
chosen based on the areal d i s t r i b u t i o n  of t h e  wells which showed 

responses t o  the H-3  multipad pumping test. The UTM coordinates  of 

the model-area corners ,  as  well as the  dimensions of the  model area 
are given i n  Table  3.2. As i l l u s t r a t e d  i n  Figure 3.2, a l l  wells that  

responded t o  t h e  H-3 mult ipad pumping test l i e  wi th in  the model area. 
One p r i n c i p l e  of the modeling inves t iga t ions  w a s  t o  reproduce the 

observed t r a n s i e n t  pressures at  these wells. All r e a c t i n g  wells are 
at least 1 km away from the model boundaries. Thus, the effect of the 

model boundaries on the  results of the modeling a t  t h e  w e l l  locations 
can be expected t o  be n e g l i g i b l e .  Addit ional ly ,  s e v e r a l  of the wells 
which d i d  not respond t o  the  H-3 mult ipad pumping test are s i t u a t e d  
w i t h i n  the model area. They are important for  the modeling s tudy 
because they i n d i c a t e  which parts of t h e  model area should not be 

s i g n i f i c a n t l y  influenced by the  pumping a t  H-3bZ. 
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3.2.2 Vertical Dimension 

The actual modeling s tudy w a s  restricted t o  simulate the hydrogeology 
of t h e  Culebra dolomite only.  Therefore, the v e r t i c a l  model dimension 
is i d e n t i c a l  t o  the thickness  of the Culebra do lan i t e .  

The thickness  of t h e  Culebra dolomite i n  the  WIPP area is only known 
at the borehole locations (Sandia National Laboratories, 1981a,b, 
1982a ,b ,c ,d ,  1983a,b,c ,  Sandia National Laboratories and U.S. 

Geological Survey, 1979a, b , c  ,d ,e ,f , 1980a, b ,c ,d ,e ,f ,g  , 1982, 1983 ; 
Jones,  1978). I t  va r i e s  between 5.6 and 11.3 m (Table 3.3) .  

The d i s t r i b u t i o n  of the  thickness  data shows a clear maximum between 
7 and 8 m (Figure 3.3). Therefore,  8 m w a s  considered t o  be represen- 
t a t i v e  and used throughout t he  modeling s tudy for  both the thickness  
of the  Culebra and the vertical dimension of the model. 

3.2.3 Model G r i d  

After the d e f i n i t i o n  of the horizontal  and v e r t i c a l  model dimensions, 
the dimensions of the individual  g r id  blocks were assigned,  i .e.,  the 

model g r i d  w a s  es tab l i shed .  One c r i t e r i o n  of the gr idding w a s  that 
the  grid-block centers  should coincide,  wherever possible,  with the 
locations of boreholes which are used as observat ion wells i n  the 

Culebra. Thus,  it is possible  t o  compare d i r e c t l y  the calculated 
formation pressures and formation-water dens i t ies  with the observed 
values.  A second (code s p e c i f i c )  rule f o r  the gr idding  w a s  that the 

ratio of the dimensions of two adjacent g r i d  b locks  should not exceed 
a factor of two because of the possible in t roduct ion  of t runca t ion  
errors. 

With these cons t r a in t s  i n  mind, t he  model area w a s  d i s c r e t i z e d  using 
an irregular gr id  of 29 x 32 g r id  blocks (Figure 3.4). As l i s ted  i n  
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Table 3.2, the l eng th  or width of t he  g r i d  blocks vary between 120 m 
at the cen te r  of the  model area and 1180 m i n  t he  outer reg ions  of t h e  

model area. On the v e r t i c a l  scale, the model g r i d  comprises only one 
layer of g r i d  blocks wi th  a height  of 8 m. Thus, the model g r i d  

consists of a total  of 928 g r i d  blocks. Natural ly ,  the r e s o l u t i o n  of 

any model is restricted by the number and size of the g r i d  blocks.  

Increas ing  the number of gr id  blocks increases  the r e s o l u t i o n ,  but 
a lso the canputat ion time and the  s to rage  requirements ,  i . e . ,  t h e  

o v e r a l l  costs of the  s tudy .  It  is not recommended t o  inc rease  the 

r e s o l u t i o n  of the  model beyond the  r e so lu t ion  provided by t h e  observed 
data. For t h e  ac tua l  s tudy ,  the r e so lu t ion  provided by t h e  observed 
data is given by the  s p a t i a l  d i s t r i b u t i o n  of t h e  wells from which the  

data were obtained.  Consequently, the  g r i d  of the  model should 

reflect t h e  s p a t i a l  d i s t r i b u t i o n  of the wells. S ince  one of the 

modeling ob jec t ives  was t o  simulate t h e  H-3 inultipad pumping t e s t ,  the  

r e s o l u t i o n  was increased i n  the region at  and ad jacent  t o  the  H-3 
hydropad. 

As described above and i l l u s t r a t e d  i n  F igure  3.4, t h e  model g r i d  w a s  
designed such that every well or hydropad corresponds t o  a sepa ra t e  
g r i d  block i n  the model. Thus, t h e  r e s o l u t i o n  of the model can be 

expected t o  be adequate f o r  the e x i s t i n g  da ta  base.  

I n  the  v e r t i c a l  d i r e c t i o n ,  the e x i s t i n g  hydrogeologic data of the  

Culebra dolomite provide no reso lu t ion .  There are no sepa ra t e  
t r ansmiss iv i ty  d a t a  corresponding t o  var ious l e v e l s  wi th in  the Culebra 
dolomite. Therefore ,  a s i n g l e  layered g r i d  w a s  considered t o  be 

s u f f i c i e n t  wi th  respect t o  the e x i s t i n g  data base. 

I t  is obvious that  there are many d i f f e r e n t  but similar g r i d s  which 

could be used for  modeling t h e  hydrogeologic s i t u a t i o n  i n  the Culebra 
dolomite. Thus,  the g r i d  shown i n  Figure 3.4 is not unique i n  terms 
of s u i t a b i l i t y  for  the  given problen. However, any g r i d  s u i t e d  f o r  a 
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model of the  Culebra dolanite t h a t  is based on the e x i s t i n g  data base 
should have the fol lowing characteris tics: 

1 .  grid-block cen te r s  which coincide wi th  or  are near t o  e x i s t i n g  
o bs er va ti on well s ; 

2. t he  r a t i o  of the  dimensions of two adjacent g r id  blocks slmuld not 
exceed a factor of two (codespecif ic  rule),  and 

3. about 1,000 g r id  blocks (minimun, r e s u l t i n g  fran the above two 
cri teria).  

Experience has shown that t h e  code equations for f l m  and transport 
are r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  exact g r id  block dimensions as long  
as the second of the three above-mentioned condi t ions is follmed. 

Thus, modeling results can be expected to  be very similar no matter 
w h a t  d i s c r e t i z a t i o n  is chosen as long as i t  shows the above-l is ted 
three characteristics. With respect t o  i n t e r p r e t i n g  pumping tests, 
Tanasko (personal communication) has conducted a s e n s i t i v i t y  a n a l y s i s  
using a two-dimensional f i n i t e - d i f f  erence model t o  i l lus t ra te  that  the 

nuner ica l  s o l u t i o n  is accurate at the first node ou t s ide  t h e  block 

containing the punping well. 

3.2.4 Elevat ion of the  Grid Blocks 

L i k e  t he  th i ckness ,  the  e l eva t ion  of the Culebra d o l a n i t e  i n  the  WIPP 

area is known on ly  at the borehole locations (Sandia Nat ional  Labora- 

tor ies ,  1981a,b, 1982a,b,c ,d ,  1983a,b,c ,  Sandia National Laboratories 
and U . S .  Geological Survey, 1 9 7 9 a , b , c , d , e , f ,  1980a ,b ,c ,d ,e , f  ,g,  1982, 
1983; Jones ,  1978). As l i s t e d  i n  Table 3.3, the  known values f o r  the 

middle of t h e  Culebra range f r a n  777.9 m above sea l e v e l  (a.s.1.) at 
P-18 t o  886.1 m a.s.1. a t  H-7 i n  the  model area. Th i s  v a r i a t i o n  was 
considered t o  be too l a rge  t o  be neglected i n  a ground-water flow 

H09700R128 3-1 6 



system w i t h  variable f l u i d  dens i ty .  Consequently, the  e l e v a t i o n  of 
each model g r id  block w a s  estimated using the values  i n  Table 3.3. 
The r e s u l t i n g  e l eva t ions  of the g r i d  blocks, as used fo r  the  model, 
are shown contoured i n  Figure 3.5. There are r e l a t i v e l y  high 

e l eva t ions  i n  t he  western part of the model area w i t h  an absolu te  high 

(894.6 m a.s.1.) i n  t he  southwest corner ,  while lower e l eva t ions  
p reva i l  i n  t he  e a s t e r n  part. However, there is no general  slope but a 
rather irregular %opographyT1 i n  the model area, which shows f e a t u r e s  
l i k e  a va l l ey  (along the a x i s  P-18 t o  DOE-2) or  local highs (between 
P-15 and H-ml). This  irregular lTtopogra@?yll may result fran two 
processes: d i s s o l u t i o n  of halite and gypsun i n  t h e  underlying por t ion  
of t h e  Rustler Formation and upper Salado Formation, with consequent 
collapse af the residual rock; and hydrat ion of anhydr i te  t o  gypsun i n  
the underlying zones, which increases  the thickness of the hydrated 

layer (Snyder, 1985). 

.- 
3.3 Physical Model Constants 

3.3.1 F lu id  Properties 

The c o m p r e s s i b i l i t y  of water is a t anpe ra tu redependen t  parameter 
(Langguth and Voigt, 1980) which va r i e s  between 5.10 x loe1' m 2 / N  at 
O°C and 4.41 x 10-l' m 2 / N  at 45OC. The temperature of the formation 
water i n  t he  Culebra dolomite genera l ly  lies between 20 and 25OC,  

(INTERA, 1986). A value of 4.53 x 10-l' m2/N (25OC) was chosen fo r  
the modeling s tudy .  

Although not  d i r ec t ly  used for  this modeling s tudy  which assuned iso- 
thermal condi t ions ,  t he  SWIET I1 canputer code r equ i r e s  t he  thermal 
expansion f a c t o r  as data inpu t .  A value of 2.07 x O C - '  was 
chosen f r a n  the  literature (Kuchling, 1982). 



S i m i l a r l y ,  the  heat capacity of water m u s t  be defined for  SWIFT 11. 

A value of 4.18 x lo3 J/kg°C w a s  obtained fran the  literature 
(Kuchling, 1982). 

Because the  formation f l u i d  i n  the model is handled by SWIFT I1 as a 
n i x t u r e  of two miscible f l u i d s ,  the d e n s i t i e s  of the two f lu ids  have 
t o  be entered w i t h  the  model parmeters. The first f l u i d ,  which is 

denoted "water" by SWIFT 11, w a s  given a dens i ty  of 1000 kUm3. The 

second f l u i d ,  i n t e r n a l l y  designated as f fb r ine l f ,  w a s  assigned a d e n s i t y  
of 2000 kg/m3. With t h i s  assigrrnent the  fol lowing equat ion f o r  
c a l c u l a t i n g  the formation-water d e n s i t y  is valid:  

3 -  p [g /m 3 = c + 1.0 (3-35) 

Thus, a direct comparison is possible between f ie ld-dens i ty  data, 
which are usual ly  given i n  g/un3, and the  model ou tpu t ,  where the 

calculated dens i ty  p is not pr inted out  but rather the f r a c t i o n a l  
b r i n e  concentrat ion ( C )  . 6 

It is necessary t o  emphasize t'hat these two f l u i d s  (water and b r i n e )  
are v i r t u a l  f l u ids  only for  data input and output purposes. Thus,  the  

values of the  v i r t u a l  f l u i d  densit ies fo r  water and b r ine  do not have 
to  correspond t o  values fomd i n  nature .  The model simulations 
r e s u l t i n g  i n  calculated formation pressures and Darcy v e l o c i t i e s  
u t i l i z e  a s i n g l e  f l u i d  wi th  a formation-water d e n s i t y  t ha t  va r i e s  
spat i a l l y  . 

The last f l u i d  proper ty  t o  be defined fo r  SWIFT I1 is the f l u i d  

v i scos i ty .  I n  general ,  the f l u i d  v i s c o s i t y  is temperature- and 

s o l u t e - a n c e n t r a t i o n  dependent (Equation (3-12)).  Although SWIFT I1 

contains  a very f l e x i b l e  tenperature  and density-dependent formulat ion 
of the v i s c o s i t y ,  t'ne modeling s tudy w a s  performed using a constant 
f l u i d  v i scos i ty .  This is acceptable because the  modeled reg ion  is 
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considered t o  be isothermal and the density v a r i a t i o n s  within the  

model area are only moderate. The v i scos i ty  of pure water va r i e s  
between 1.79 x 10-3 Pa s at O°C and 0.60 x 10-3 Pa s at 4 5 O  (Langguth 
and Voigt, 1980). A s  mentioned before ,  the temperature of the 

formation water i n  the Culebra dolanite genera l ly  lies between 20 and 
25OC (INTERA 1986). Therefore,  a pure-water v i s c o s i t y  of 
0.92 x 10-3 Pa s ( 2 5 O C )  w a s  selected (Langguth and Voigt,  1980). 

Muller et al. (1981) showed the v i scos i ty  dependence on s o l u t e  
amcent ra t ior l s  ( w i t h  less than 10 t o  15 moles per l i t e r  (mol/l) of 
d i sso lved  s o l i d s  t o  be: 

where: T - - temperature of t he  f l u i d  

h 

p(T,C = 0 )  = v i s c o s i t y  of pure water at temperature T 

A i  (TI - - temperature dependent c o e f f i c i e n t s  for each 
i o n  i 

- - concent ra t ion  of dissolved i o n  i (mol/L) 'i 

For the ca l cu la t ion  of the f l u i d  v i s c o s i t y  used during the  modeling 
s tudy ,  a mean f l u i d  dens i ty  of 1.05 d u n 3  w a s  considered t o  be 
representa t ive  of the formation f l u i d  wi th in  the  model area (see also 
Sect ion 3.5.1). Furthermore it w a s  assuned that  the main cons t i t uen t s  
of the dissolved s o l i d s  are sodiun and ch lor ine .  Thus, a dens i ty  of 
1.05 g/m3 corresponds t o  a N a C l  concentrat ion of about 0.86 mol/l 
( 1  mol = 58.44 g ) .  While the Ai of C1- at 25OC is about 0.0, the Ai  

of Na' is a b u t  0.03 at 25OC (Muller et al., 1981).  Using 
Equation (3-361, 
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LI (25OC, 0.86 mol/l) = 

= 

= 1.0 x 10-3 P a s .  

0.92 x 10-3 Pa s ( 1  + 0.09 * 0.86) 

0.99 x 10-3 Pa s 

Thus, a constant f l u i d  v i scos i ty  of 1 x Pa s w a s  considered t o  be 

r ep resen ta t ive  f o r  t h e  formation f l u i d  i n  t he  Culebra dolomite and 
used throughout t h e  modeling s t u d y .  

3.3.2 Rock Proper t ies  

The po ros i ty  data of the  Culebra dolomite ava i l ab le  during the c o n c e p  
t u a l i z a t i o n  of t h e  model were obtained from laboratory analyses  on 
ares .  These analyses were performed using permeability t o  a i r  and 
hel iun poros i ty  techniques on eighteen one-inch diameter core plugs 
(Boyle 's  Law technique, Core Laboratories, 1986). The r e s u l t i n g  
p o r o s i t i e s  range fran 0.07 t o  0.30. A r ep resen ta t ive  value of 0.20 

w a s  chosen as the  global porosity ( s i n g l e p o r o s i t y  conceptua l iza t ion)  
and as the  mat r ix  porosi ty  ( d o u b l e p o r o s i t y  conceptua l iza t ion)  for  the 

model. 

As f o r  the  formation f l u i d ,  a compress ib i l i ty  has t o  be assimed t o  
the pore s t r u c t u r e  of t he  formation. T h i s  Compressibi l i ty  used by 

SWIFT I1 is not i d e n t i c a l  t o  the rock compress ib i l i ty  normally used i n  
hydrogeological s t u d i e s ,  because it does not inc lude  the rock 
poros i ty .  Hawever, t h i s  IIrock compress ib i l i ty1  ( C R ) ,  together w i t h  

the c a n p r e s s i b i l i t y  of t h e  formation f l u i d  (C,,), t he  porosity ( @ ) ,  the 

f l u i d  dens i ty  ( p ) ,  and the thickness  (Ax ) of the a q u i f e r ,  def ines  
t h e  s t o r a t i v i t y  of the aquifer: 

3 

Since the s t o r a t i v i t y  of the  Culebra dolomite has been docunented fran 
seve ra l  pumping tests ( 2  x loe5, see Sec t ion  3.4.21, a rock 
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compressibi l i ty  of 7.57 x lo-'' m2/N w a s  calculated using the f l u i d  
c a n p r e s s i b i l i t y  as defined i n  Sec t ion  3.3.1,  a poros i ty  of 0.2,  an 
average f l u i d  d e n s i t y  of 1.05 g/m3, and an aqu i f e r  th ickness  of 8 m. 

Such a calculated rock c a n p r e s s i b i l i t y  lies well wi th in  the range of 
compress ib i l i t y  values  (10-l' - loe8 m2/N)  given by Freeze (1975) for  
j o i n t e d  rocks. 

Although not d i rec t ly  used fo r  the  modeling s t u d y ,  SWIFT I1 r equ i r e s  
the dens i ty  and the heat capacity of t h e  rock as data inpu t .  Values 
of 2500 kg/m3 and 800 J /kg°C were obtained fran t h e  l i terature fo r  the  

rock dens i ty  and the  rock heat capacity, r e spec t ive ly  (Kuchling, 
1982). 

3 .3 .3  Transport Parane ters  

Using the  v a r i a b l e d e n s i t y  formulation of SWIFT 11, the transport 
equat ion  for br ine  (Equation 3-3 i n  Sec t ion  3.1) is solved.  There- 

fore,  three t r a n s p o r t  parameters m u s t  be assigned: the long i tud ina l  
d i s p e r s i v i t y ,  the t ransverse  d i s p e r s i v i t y ,  and the molecular 
d i f f u s i v i t y  i n  the  porous mediun. 

Based on the observed he terogenei t ies  (Sec t ion  3.4) i n  t he  Culebra 
dolomite, t h e  th ickness  of t h e  Culebra dolomite, and on the argunents 
concerning scale-dependent d i spers ion  presented i n  P i c k e n s  and G r i s a k  

(1981 a ,b )  a long i tud ina l  d i s p e r s i v i t y  of 50 m w a s  assigned. The 

t r a n s v e r s e  d i s p e r s i v i t y  w a s  assigned a value of 2.5 m using a ra t io  of 
t r a n s v e r s e  t o  long i tud ina l  d i s p e r s i v i t y  of 0.05 (Bear, 1972; P i c k e n s  
and G r i s a k ,  1981 a , b ) .  These values were gene ra l ly  used during the 
modeling s tudy  but were modified fo r  a s e n s i t i v i t y  a n a l y s i s  concerning 
the impact of d i f f e r e n t  d i s p e r s i v i t y  values  on the calculated f l u i d -  
dens i ty  d i s t r i b u t i o n  (Sect ion 4 . 4 ) .  
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The molecular d i f f u s i v i t y  i n  the geologic mediun, which is  required by 
SWIFT 11, is defined as: 

Using a free-water d i f f u s i o n  coe f f i c i en t  Do = 2 x 10-9 m 2 / s  (value for  
C1- at 25OC;  Lerman, 1979) ,  a porosity (p = 0.2 (Sect ion 3.3.21, and a 
t o r t u o s i t y  factor T* = 0.5 (Bear, 19721, a molecular d i f f u s i v i t y  

This value w a s  considered t o  be D'mo 
r ep resen ta t ive  of the Culebra dolcmite and its formation water. 

= 2 x m 2 / s  w a s  calculated. 

3.4 Hydrologic Model Paraneters 

3.4.1 I n i t i a l  Transmissivi t ies  

The t r a n s m i s s i v i t i e s  were treated as i s o t r o p i c  i n  the model. The 

f i n a l  t r a n s m i s s i v i t i e s  used by the model were obtained fran model 
cal i brat i on. The cal i brat i on process matches the model- cal CIA at ed 

formation pressures and d e n s i t i e s  t o  the observed pressures and densi- 
ties by varying the t r a n s m i s s i v i t i e s  of the ind iv idua l  g r i d  blocks.  

I n  order t o  start the c a l i b r a t i o n  process, i n i t i a l  t r a n s m i s s i v i t i e s  
are required.  These i n i t i a l  values normally are estimated based on 
e x i s t i n g  data. 

I n  this modeling s tudy ,  t h e  t r ansmiss iv i ty  data der ived fran boreholes 
i n  t he  WIPP area were analyzed by means of k r ig ing  techniques.  Then 
the e x i s t i n g  t r ansmiss iv i ty  data f r a n  f i e l d  s t u d i e s  and t h e  

s ta t i s t ica l  properties of t h i s  data set were used t o  estimate (i .e . ,  
t o  l lkr ige l l )  the i n i t i a l  t r ansmiss iv i t i e s  for each g r i d  block. 

Addit ional ly ,  t h e  s p a t i a l  d i s t r i b u t i o n  of the est imat ion e r r o r ,  which 

reflects the unce r t a in ty  i n  the est imat ion,  w a s  obtained. 
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I n  the  r o l l w i n g  sections, sane theoretical aspects of k r ig ing  are 
b r i e f l y  discussed, then a short sunmary of the p r a c t i c a l  use of the 

employed k r ig ing  program is  presented,  and f i n a l l y ,  t h e  a n a l y s i s  of 
the  observed t r a n s m i s s i v i t i e s  is smar i zed .  

3.4.1.1 Theoretical Aspects of Kriging 

Kr ig ing  is a useful method f o r  eva lua t ing  t h e  s p a t i a l  s t r u c t u r e  of a 
reg iona l ized  va r i ab le  (e .g . ,  the  t r ansmiss iv i ty )  of a formation and 
i n  generat ing estimates of t h e  va r i ab le  once its spa t ia l  s t r u c t u r e  
is known (de Mars i ly ,  1982). Kriging is a best l i n e a r  unbiased 
estimator (BLUE) t h a t  uses a l i n e a r  canbinat ion of all a v a i l a b l e  
data t o  es t imate  a v a r i a b l e ’ s  value and the  e r r o r  of es t imat ion  
which reflects the uncer ta in ty  i n  t he  es t imat ion .  

There are a number of assunptions which are made i n  order . t o  apply 
k r ig ing  t o  any reg iona l ized  data of a formation. F i r s t ,  the data 
f i e l d  is assuned t o  be a random func t ion  cons t ruc ted  of random 
va r i ab le s  (Journel  and Huijbregts ,  1978). The second hypothesis  
u sua l ly  used i n  random-function theory is that of s t a t i o n a r i t y .  
S t a t i o n a r i t y  assunes tha t  the mean, var iance,  and higher-order 

manents of t h e  t r a n s m i s s i v i t y  f ie ld’s  p robab i l i t y  d e n s i t y  f u n c t i o n  
(PDF) are s t a t i o n a r y  i n  space, i .e. ,  the sane at any po in t  i n  the 

formation (de M a r s i l y ,  1982). The t h i r d  hypothesis used is that of 
er godi c i t y  . Ergodic i ty  impl ies  that the unique r e a l i z a t i o n  
a v a i l a b l e  ( i . e . ,  the  observed data) behaves i n  space w i t h  the  same 
PDF as the  random funct ion  descr ib ing  the t r a n s m i s s i v i t y  f i e l d  

(de M a r s i l y ,  1982). 

Weak s t a t i o n a r i t y  refers t o  a condi t ion i n  which o n l y  the f i r s t  two 
mcments (mean and var iance)  are s t a t i o n a r y  i n  space. Of ten  thou@, 
the var iance of a reg iona l ized  v a r i a b l e  inc reases  as the s i z e  of the 

s t u d i e d  area increases  (de M a r s i l y ,  1982). Theref ore, a hypothesis 
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is needed that is less restrictive than weak s t a t i o n a r i t y .  The 

i n t r i n s i c  hypothesis, proposed by Matheron (1 9711, r equ i r e s  that  

only the variance of the  first increment of Z(x) is f i n i t e  where Z 

is the random func t ion ,  i . e . ,  t ransmiss iv i ty .  This requires the 
mean of the f i r s t  increment t o  be a func t ion  of the d i s t ance  of t he  

increment only,  not of t h e  loca t ion  x. The mean is usua l ly  assuned 
t o  be constant and is o f t en  set t o  equal zero.  When t h i s  is t r u e ,  
the var iance of t h e  f i r s t  increment def ines  a func t ion  called the 

variogram. 

The variogram is a curve generated by the observed data tha t  

reflects the spat ia l  co r re l a t ion  l e n g t h  of the  reg iona l ized  va r i ab le  
being s tud ied .  It is constructed by p l o t t i n g  the average Y(h) 

versus  the  average h ,  where Y(h) is one half the mean square 
d i f f e rence  between all poss ib le  pairs of points  a rclagfr d i s t ance  ( h )  

a p a r t .  Usually a range of d is tances  are specified i n  order  t o  group 
a l l  possible d is tances  between pairs of points  i n t o  d is tance  
i n t e r v a l s .  The mean square d i f fe rence  fo r  each distance i n t e r v a l  is 
then ca l cu la t ed  as is the average d is tance  between pairs. The 

average Y(h) and the average h are then plotted t o  generate  t he  raw 
semi-variogram curve. One l i m i t a t i o n  wi th  this method is that  

between 30 t o  50 p a i r s  need t o  be within each d i s t ance  i n t e r v a l  i n  
order for  the Y(h) t o  be representa t ive  of the proper ty ,  i . e . ,  
t r a n s m i s s i v i t y  (Journel & H u i  jbregts, 1978). 

Sanetimes a d r i f t  or t r end  is present  i n  t he  raw semi-variogran. 
The d r i f t  describes the gradual and r egu la r  manner i n  which the mean 
values of the phenanena behave over the region (Skrivan and 
Kar l inger ,  1980). If a d r i f t  exists, it m u s t  be removed f r m  the  

raw semi-variogram and the  residuals used t o  generate  another  semi- 
variogram which is u t i l i z e d  through the rest of the ana lys i s  
(Neunan, 1984). A generalized kr ig ing  approach deals with the d r i f t  

i n  a d i f f e r e n t  manner than t h e  universal  k r ig ing  rnettmd described 
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above. Generalized kr ig ing  does not r equ i r e  a semi-variogram, which 
is meaningless i f  a d r i f t  is present .  Instead , general ized 
covariance functions that  are composed of polynomials are used. The 

o b j e c t i v e  is t o  use higher-order d i f f e rences  t o  f i l t e r  out  low-order 
polynomials associated w i t h  the d r i f t .  

I n  ordinary kr ig ing ,  once t h e  raw semi-variogram has been calculated 
and adjusted for  a d r i f t ,  a theoretical model is used i n  the k r ig ing  
system of equat ions t o  estimate punctual or block values  of the 

reg iona l ized  variable ( e .g . ,  t r a n s m i s s i v i t y ) .  Most kr ig ing  codes 
provide a nmber  of t h e o r e t i c a l  models t o  choose from inc luding  
l i n e a r ,  spherical, exponent ia l ,  and Gaussian. The reader is 

referred t o  Delhanme (1978) for  a desc r ip t ion  of these models. 

The three parameters that are used t o  f i t  a t h e o r e t i c a l  model t o  a 
raw semi-variogram are the sill,  the range, and the  nugget. These 

parameters are estimated f r a n  the raw semi-variogram and are then 
checked with the theoretical model fo r  consis tency with the data. 
This procedure is explained later i n  the tex t  (Sec t ion  3.4.1.2).  
The sill is the value a semi-variogram curve asymptot ical ly  
approaches w i t h  increas ing  spaces between data poin ts .  Often the  

sill is clear from the raw semi-variogram and should be equal  t o  the 

var iance of the observed data. The range is the  distance between 
data poin ts  at  which the sill is reached beyond which there is no 
c o r r e l a t i o n .  The nugget is the  value of the theoretical semi- 
variogram at  in f in i t e s ima l  d i s tances .  

I n  k r ig ing ,  a system of equations is solved i n  order t o  determine 
the values  of l i n e a r  i n t e r p o l a t o r s  assigned t o  each observed poin t .  
These i n t e r p o l a t o r s  change wi th  each new es t imat ion  l o c a t i o n .  For 
i n s t a n c e ,  the l i n e a r  i n t e r p o l a t o r  is greater f o r  an observed point  
closer t o  the es t imat ion  loca t ion  and lmer  for  an observed point  
f u r t h e r  away. The semi-variogram is used i n  so lv ing  f o r  these 
i n t e r p o l a t o r s  and i n  the ca l cu la t ion  of the e s t ima t ion  error. 
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For a more de ta i l ed  explanation of the kr ig ing  equations and or 
randan va r i ab le  theory, t he  reader is referred t o  Journel  and 
Hui j b r e g t s  (1 978). 

The general  equation used f o r  es t imat ing a value at a given l o c a t i o n  
is: 

n i  
z = c x Z ( X i , Y i )  
0 0 i =1 

* 
where Zo 

xi 
0 

( 3-39 1 

the  estimated value at (xo,yo)  

- - the  l i n e a r  i n t e rpo la to r  r e l a t i n g  point 

( x j i y i )  t o  (xo ,yo) -  
Note: the  supe r sc r ip t  i is only a 
loca t ion  parameter, not an exponent ia l .  

n - - the  number of observed points  

These l i nea r  in t e rpo la to r s  m u s t  be chosen such that the estimate is 
unbiased (giving no sys temat ic  over- or under-estimation),  and 
optimal (with minimun mean square error) (Delhomme, 1978). These 

requirements are used t o  check the consistency of t h e  theoretical 
semi-variogram mentioned earlier. Kriging is an exact  i n t e r p o l a t o r ,  
meaning the exact measured value is preserved. For example, i f  an 
estimate was performed at t h e  loca t ion  of a measured po in t ,  t h e  

k r i g e d  estimate would simply be the measured value.  

The uncer ta in ty  of the estimate (es t imat ion  error) is usua l ly  
represented by the square root of the var iance of the  est imat ion 
e r r o r ,  i . e . ,  the  s tandard devia t ion  error. The formula used t o  
calculate the est imat ion e r r o r  is: 
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n i  M i V ,  
a = I: c xo'Y(xi-xo) + c pi f o  1 -  

O i = l  i = l  
(3-40) 

the s tandard  dev ia t ion  of the estimate at - where oo - 

(xo ,Yo) 

Y (xi-xo) = value of Y (h)  fran the semi-variogram 
where h is the distance between the observed 
poin ts  (x i ,y i )  and (xo,yo) 

M 

n 

number of terms i n  d r i f t  (ri=i f o r  no d r i f t )  - - 

= number of observed poin ts  

= d r i f t  terms. Note: i f  a d r i f t  is not 
present then 

m i  
C f is equal t o  1 .  (3-41 1 

i = l  o 

P - - Lagrange m u l  ti p l  i er 

The es t imat ion  error at a point beyond the  range d i s t ance  frcrn any 
of the observed data po in t s  is equal t o  the square  root of the  sill.  

This  can be seen fran the above equat ion.  The unbiased condi t ion  of 
the  l i n e a r  i n t e r p o l a t o r s  requi res  EXi t o  equal one. Beyond the  

range, every Y(h) value w i l l  equal the sill by d e f i n i t i o n .  Thus, i n  
the absence of a d r i f t ,  t he  es t imat ion  error of a point  beyond the  
range is always equal  t o  the  square  root of the sill.  

0 

Knowing the es t imat ion  error is, i n  p r i n c i p l e ,  not enough t o  deter- 
mine the confidence i n t e r v a l  of t he  estimates. However, one can 
very o f t e n  assme that the e r r o r  is Gaussian (de M a r s i l y ,  1982). 



OO 
I n  t h i s  case, for  in s t ance ,  t he  95% confidence i n t e r v a l  is +2a0, 

being t h e  standard devia t ion  or  es t imat ion error (Equation 3-40). 
Then the estimate of a value at a given l o c a t i o n ,  wi th  95% 
confidence,  is: 

z;95 = '2; +200 

- - 

at 95% confidence 1 eve1 
the estimated confidence i n t e r v a l  at (xo,yo) *9 5 where Zo 

* 
- - 

(Equation 3-39) 
the  estimated value at (%,yo) 

zO 

E es ti mat i on err or ( Q u a t  i on 3-4 0 )  
OO 

Many other d i s t r i b u t i o n  funct ions also are v a l i d  fo r  a Qoo 

confidence i n t e r v a l  at 95%. Consequently t h i s  expression is very 
o f t en  used even i f  the error d i s t r i b u t i o n  ( e .g . ,  Gaussian) is not 
exac t ly  known (de M a r s i l y ,  1982). 

It is a l s o  possible t o  use other confidence i n t e r v a l s  which repre- 
s e n t  d i f f e r e n t  confidence l e v e l s .  For instance, the i n t e r v a l  +ao 

( i . e . ,  t he  es t imat ion  error) represents  a 68% confidence l e v e l ,  and 
t h e  i n t e r v a l  +30 a 99.7% confidence l e v e l  (Marsal, 1967). However, 
the  k200 i n t e r v a l  is m o s t  commonly used. 

0 

3.4.1.2 The Universal  Kriging Program K603 

The observed t r ansmiss iv i ty  data of t h e  Culebra dolomite at t h e  WIPP 
s i t e  were analyzed using the United States Geological Survey (USGS) 

Universal  Kriging Program K603 (Skrivan and Kar l inger ,  1980). 
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The K603 code requ i r e s  the locations of the  observed data (i .e.,  
borehole coord ina te s ) ,  the  observed values (i .e. ,  measured transmis- 
s i v i t i e s ) ,  and the l a g  i n t e r v a l s  used f o r  s epa ra t ing  the  d is tances  
between observed data poin ts  i n t o  groups. Once the  raw semi- 
variogram is calculated, one m u s t  determine a mathematical nodel 
that  reflects the  major features observed i n  the  raw semi-variogram. 
K603 supp l i e s  f i v e  t y p e s  of theoretical models t o  match the raw 
variogram. This  f i t t i n g  procedure is performed by removing a d r i f t  

or t r e n d  i f  present ,  and then ad jus t ing  the sill and the range of 
the theoretical expression u n t i l  the desired match is achieved. A 

d r i f t  may i n d i c a t e  t h a t  the  assunption of weak s t a t i o n a r i t y  does not 
hold because the  mean value of the average square d i f f e r e n c e s  is no 
longer  constant .  If the d r i f t  va r i e s  s l w l y  ( i .e . ,  less than 
quadra t i c )  r e l a t i v e  t o  the working scale then  one may still assune 
that weak s t a t i o n a r i t y  app l i e s  t o  the first increment (Delbmme, 
1978).  However, i f  a predominant d r i f t  or t r e n d  is observed i n  the 

raw variogram, a general  procedure t o  remove the  d r i f t ,  such as 
least squa res ,  is usua l ly  performed before f i t t i n g  the theoretical 
semi-variogram t o  the raw data. The removal of t h i s  d r i f t  is 
requi red  t o  preserve the  weak s t a t i o n a r i t y  of t h e  f i r s t  i nc ranen t .  

Once the theoretical semi-variogran has been f i t t e d  t o  the raw semi- 
variogram, the K603 code has an opt ion  (denoted op t ion  2 )  tha t  
checks the v a l i d i t y  of the semi-variogram. Option 2 is a modified 

sp l i t - sample  technique i n  which all of the data poin ts  are 
i n d i v i d u a l l y  suppressed and estimated by k r ig ing  the remaining 
po in t s  (Skrivan and Kar l inger ,  1980). Taking the average d i f f e rence  
between the estimated values and the observed values alla~s 

c a l c u l a t i o n  of an average estimate var iance.  The o b j e c t i v e  is t o  
adjust  t he  parameters i n  t h e  theoretical semi-variogram u n t i l  the 

model is theoretically cons is ten t  (Gambolati and Volpi,  1979). This 
means that there is no systematic bias  ( i . e . ,  the kriged average 
error is approximately equal t o  ze ro )  which r equ i r e s :  
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1 n * 
- 1 ( z  - z > = o  
n i = l  i i 

(3-43) 

where Zi = observed value at i 

* 
= k r i g e d  estimated value at i ‘i 

n = nunber of observed data points  

and a lso tha t  the kr iging e r r o r s  are cons i s t en t  with the  predicted 
variance ( i .e . ,  the average ra t io  of theoretical t o  calculated 
variance is approximately equal t o  one) which r e q u i r e s  t h a t  t he  mean 
square error is equal t o  one: 

* 
E l  ‘i 12 n Zi - 1 

n i = l  - ~ 

Z 
(3-44) 

Once the consistency of the t h e o r e t i c a l  semi-variogrm is reached, 
op t ion  3 of K603 may be used t o  i n t e r p o l a t e  values at desired loca- 
tions within t h e  s tudy  area. T h i s  opt ion r e q u i r e s  the theoretical 
variogran t y p e ,  its sill and range, the  observed data, and the  

p i n t s  where the est imat ion is desired t o  be input  t o  the code. The 

code then p r i n t s  out t h e  estimated values at designated points  and 

the  error or standard deviat ion associated w i t h  the estimations. 

3.4.1.3 Analysis of the  Observed Transmiss iv i t i e s  

All t r a n s m i s s i v i t i e s  of the  Culebra dolanite which were a v a i l a b l e  
during t h e  conceptualization of the  model and their corresponding 
references are l i s t e d  i n  Appendix C .  Table 3.5 shows the  

t ransmiss iv i ty  values which were selected as the  data se t  f o r  the  

semi-variogran ana lys i s .  
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Because t r ansmiss iv i ty  is genera l ly  assuned t o  be log-normally 
d i s t r i b u t e d  (Freeze,  1975; de Marsily,  19821, t he  l o g a r i t h s  of the 

t r a n s m i s s i v i t y  values were used (Table 3.5) t o  determine the  l o g  
s p a t i a l  s t r u c t u r e  present  i n  the model area. 

A number of d i r e c t i o n a l  semi-variograms were constructed t o  deter- 
mine i f  a d r i f t  or t r end  was presen t ,  but the  requi red  number of 
pairs (30-50) could not be obtained wi th in  each specified d is tance  
i n t e r v a l  (class). The problem could be reduced by inc reas ing  the 

d i s t ance  i n t e r v a l s  i n  the semi-variograr,  but  t h i s  decreases the 

r e so lu t ion  and, therefore, was not done. Subsequently,  a non- 
d i r e c t i o n a l  semi-variogram w a s  calculated (Table 3.6,  Figure 3.6) .  
The raw semi-variogram approaches an asymptotic value of 2.4 as the 

lag d i s t ance  increases  t o  5 km. The f l u c t u a t i o n s  i n  the  curve past 
t h i s  point  do not reveal any pe r t inen t  information about t h e  spatial  
s t r u c t u r e  of the t r ansmiss iv i ty  f i e l d  and should not  be misconstrued 
as evidence f o r  a d r i f t .  The raw semi-variogram has been extended 
t o  zero as there is no basis fo r  es t imat ing  a nugget wi th  these 
data. Th i s  is not t o  s a y  that there is no uncer ta in ty  associated 
w i t h  these data. The uncer ta in ty  i n  t h e  measurements could have 
been assigned t o  each observed data po in t ,  but w a s  not because the 
values  of the uncer ta in ty  have not  been quan t i f i ed .  Therefore ,  t he  

unce r t a in ty  of the measurements was assuned t o  be zero i n  t h i s  

a n a l y s i s .  

The exponent ia l  t h e o r e t i c a l  semi-variogram described by the  equat ion  
i n  Table 3.6 was f i t t e d  t o  t h e  raw semi-variogram (Figure 3.5). The 
consis tency of t h i s  choice w a s  v e r i f i e d  using op t ion  2 of K603 where 
a k r iged  average error of 0.066 and a reduced mean square  error of 
1.007 were calculated. Other theoretical models were used t o  f i t  

t he  raw semi-variogram, but the  exponent ia l  t y p e  used gave the best  

consistency-check values .  
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The range of spatial co r re l a t ion  determined i n  t h i s  ana lys i s  
(3 .9  km) lies on the lower end of a d i s t r i b u t i o n  of ranges f o r  
aqu i f e r s  i n  consolidated materials presented by Hoeksema and 
Ki t an id i s  (1985). They determined a p robab i l i t y  d i s t r i b u t i o n  of 
ranges having a minimun of 1 . 4  km, a median value of 14.72 km, and 
maximun of 44.5 km. The Culebra s p a t i a l  c o r r e l a t i o n  range also 
compares favorably t o  the results presented i n  the s tudy  by Delhomme 
(1979). Therefore ,  t h e  3 . 9 - h  range determined i n  t h i s  s tudy  
appears reasonable i n  comparison w i t h  published results and may be a 
good rep resen ta t ion  of t h e  s p a t i a l  c o r r e l a t i o n  length .  However, the 

data base for  the semi-variogram ana lys i s  was rather s m a l l .  A s  

Table 3.6 shows, most d i s tance  i n t e r v a l s  (classes) contain only the  

minimun number of pairs (30-50). Therefore,  on ly  a non-direct ional  
variogram w a s  c a l cu la t ed ,  fran which r a t h e r  general  conclusions 
(e .g . ,  s i l l ,  range,  nugget) can be drawn. More advanced a n a l y t i c a l  
techniques ( e . g . ,  d i r ec t iona l  semi-variogran and d r i f t  a n a l y s i s )  
requi re  a l a r g e r  data base and can be performed as soon as 
add i t iona l  data ( e .g . ,  from ERDA-9, WIPP-12, WIPP-13, WIPP-18, 
WIPP-19, WIPP-21, and WIPP-22) are ava i l ab le .  

The statist ical  treatment of the Culebra t r ansmiss iv i ty  data base 

a v a i l a b l e  as of A p r i l  1986 ind ica t e s  that the t r a n s m i s s i v i t i e s  are 
correlated over a d is tance  of approximately 3.9 km. For separa t ion  
d i s t ances  g rea t e r  than t h i s  value,  the estimated t r ansmiss iv i ty  w i l l  

be equal t o  the mean value of t h e  sample and w i l l  have an est imat ion 
error equal t o  the square root of the sill.  Due t o  the  s p a r s i t y  of 
the sample, it w a s  not poss ib le  t o  determine i f  the t r ansmiss iv i ty  
data had a s i g n i f i c a n t  d r i f t .  Even though the kriged t r ansmiss iv i ty  
data are based on a small sample, they provide a usefu l  and unbiased 
set of hydraulic paraneters for  numerical c a l i b r a t i o n  of the  

reg iona l  ground-water flow sys tem.  As more data becane a v a i l a b l e ,  
the i n i t i a l  t r ansmiss iv i ty  f i e l d  can be modified and compared w i t h  

the calibrated values t o  loca te  any apparent d i screpancies .  If any 
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major differences are found, the calibration process can then  be 
repeated using the updated se t  of transmissivities. 

3.4.1.4 The Kriged I n i t i a l  T r a n s m i s s i v i t i e s  

The exponential semi-variogram (Table 3.6, Figure 3.G) w a s  used 
(option 3 of the code K603) t o  estimate the transmissivities a t  the 
928 locations w i t h i n  the model area, which correspond t o  the grid- 

block centers of the model. Figure 3.7 s b w s  the contour map gener- 
ated us ing  the logarithm of these transmissivit ies,  which were used 

for  the f irst  simulations with SWIFT 11. I n  the  f o l l m i n g ,  they a re  
referred t o  as i n i t i a l  transmissivities. Because the uncertainties 
of the observed transmissivities were not known, a zero uncertainty 
was assuned (see also previous section).  This simplification 
results i n  estimation errors (see belm) which a re  too l o w .  
Therefore, the estimation errors should be used as a quali tative 
indicator of the uncertainty of the k r iged  transmissivities rather 
than quantitatively correct values. 

The estimation errors associated wi th  the kriged i n i t i a l  transmis- 
s i v i t i e s  are shown contoured i n  Figure 3.8. On that  map, a se r ies  
of contours surround each well reflecting the rapid increase i n  the 
estimation error ( i . e . ,  the uncertainty) as the distance fran each 
well increases. This  is related t o  the range of the semi-variogram 
used f o r  the estimation of the i n i t i a l  transmissivit ies.  

Because the inpu t  data for  the kr ig ing  a re  logarithms of the 
transmissivit ies,  the estimation errors are also logarithmic 
values. Therefore the contour l i n e  wi th  a value of 1 i n  Figure 3.8 
represents (with the rest r ic t ion outlined above) an uncertainty of 
+1 order of magnitude at  68% confidence level or G! orders of 
magnitude a t  95% confidence level.  As the contour map shows, the 
logari thm of the estimation errors are  less than one o n l y  i n  the 
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immediate neighborhood of the  boreholes, i .e.,  an area genera l ly  
less than  1.6 km i n  diameter. 

The maxirnun poss ib le  es t imat ion error (1.43) is equal t o  t h e  square 
root of t h e  sill (2.05). Th i s  is because of t h e  i n t r i n s i c  hypo- 

thesis used i n  t h i s  ana ly t i ca l  method which states that  the f i r s t  
two rnanents of t h e  first increment are s t a t i o n a r y .  T h i s  means that 
beyond the range,  t h e  estimated value w i l l  always be the mean of the 

sample (i .e. ,  the observed values) and have an est imat ion error 
equal t o  the  square root of the sill of the  semi-variogran (e .g . ,  
between the wells H-12, P-18 and H-5; see Figures 3.7 and 3.8). D u e  
t o  the  large uncer ta in ty  associated w i t h  t b s e  estimated va lues ,  i t  

is possible t o  modify the i n i t i a l  t r a n s m i s s i v i t i e s  i n  those areas 
during later model c a l i b r a t i o n  w i t h o u t  g iv ing  up cons is tency  wi th  

the observed data. 

3.4.2 Storativites 

The s t o r a t i v i t y  of the Culebra do lan i t e  is f a i r l y  well docunented fran 

seve ra l  punping tests (Sward, 1982; Mercer 1983; Gonzalez, 1983a). 
The reported values range fran 1 x loL9 t o  8 x lo-'. Because values 
near  2 x loe5 are canmon, t h i s  value w a s  considered t o  be represen- 
t a t i v e  for  the Culebra dolcmite i n  general  
throughout the modeling s tudy .  T h i s  value is 
(1972) rule of thunb fo r  confined homogeneous 

s = (3.3 x 10-61 Ax3 

and, consequently,  used 
cons is ten t  with Lohnan's 
aquifers :  

( 3-45 1 

which provides a s t o r a t i v i t y  of S = 2.6 x fo r  an aqu i f e r  w i t h  a 

th ickness  Ax3 = 8 m .  . 

Theoretically,  i t  is also possible to  use statistical methods 

(e.g. ,  k r ig ing )  i n  order t o  analyse t h e  s p a t i a l  d i s t r i b u t i o n  of t h e  
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s t o r a t i v i t y .  Hwever ,  because r ; k  e x i s t i n g  data base w a s  rather s m a l l  
(only 1 1  v a l u e s ) ,  the s t o r a t i v i t i e s  were not k r i g e d .  

3.5 I n i t i a l  Boundary Conditions 

The Culebra do lan i t e  at the boundaries of the model area is not 
impermeable, and the boundaries are not necessa r i ly  p a r a l l e l  t o  the 

po ten t i a l  ground-water f l a w  l i n e s .  Therefore, no-flaw b o u n d a r i e  are 
not r ep resen ta t ive  of the real s i t u a t i o n .  Prescribed pressure boun- 
dari es wi th  prescr ibed f ormation-water d e n s i t i e s  are more appropr ia te .  

Thus, f o r  the modeling s tudy ,  t h e  lateral boundary condi t ions were 
obtained fran the  best est imate  of the  undis turbed reg iona l  hydro- 
geologic  s i t u a t i o n  (Figures  3.9 and 3.10). T h i s  approach is b r i e f l y  
discussed i n  the  fol lowing sections. As with  the t r a n s m i s s i v i t i e s ,  t he  

i n i t i a l  l a te ra l  boundary condi t ions were modified du r ing  the  later model 
cal i brat i on. 

3.5.1 The Undisturbed Hydrogeologic S i t u a t i o n  

The undisturbed hydrogeologic s i t u a t i o n  can be charac te r ized  i d e a l l y  
by the  long-term mean formation pressures and the long-term formation- 
water d e n s i t i e s  . 

The long-term mean formation pressures ,  which w i l l  be referred t o  
here in  as undisturbed pressures, can be expressed as equiva len t  fresh- 

water heads*. Because of the  varying e l e v a t i o n  of the Culebra 

* 
The term "freshwater head" as used i n  the  main body of t h i s  report is 
equiva len t  t o  t h e  term "freshwater e l eva t ion  above mean sea l e v e l " ,  
because the values are always related t o  mean sea l e v e l .  It  refers t o  
the  e l eva t ion  of a colunn of freshwater that  would e x e r t  a pressure  
at  t he  e l e v a t i o n  of the Culebra equal t o  the  rneasured formation pressure.  
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d o l a n i t e  (Sect ion 3.2.41, freshwater heads a r e  e a s i e r  t o  i n t e r p r e t  
than pressures .  Therefore, i n  t h i s  r e p o r t ,  all pressure data are 
presented as equivalent freshwater heads although t h e  model calcula- 
tions were made using the  formation pressures .  However, because of 
the  s p a t i a l l y  non-constant dens i ty  of the formation water ,  the f resh-  

water heads can be misleading; they should be used for  q u a l i t a t i v e  
i n t e r p r e t a t i o n  only.  For cor rec t  ca lcu la t ions  (e .e.,  c a l c u l a t i n g  t h e  

ground-water f l u x  or the d i r e c t i o n  of t h e  ground-water flow at  a given 
p o i n t ) ,  the  formation pressure together w i t h  t he  e l eva t ion  of the 

Culebra dolomite and the d e n s i t y  of the formation f l u i d  should be 

used. For the undisturbed hydrogeologic s i t u a t i o n ,  t h e  heads w i l l  be 

referred t o  as the undisturbed freshwater heads. 

The undisturbed pressures i n  the Culebra dolanite can be der ived f r a n  
or estimated using long-term water-level data measwed i n  observat ion 
wells. During the conceptual izat ion of the model the  published water- 
l e v e l  data were reviewed (Gonzalez, 1983b; I N T E R A  Technologies and 
Hydro Geo Chem, 1985; INTERA Technologies, 1986) and best estimates of 
the undisturbed formation pressure were derived (Appendix D). I n  
add i t ion ,  unpublished water-level data (U.S.G.S. water- level  data fran 

the WIPP si te,  1976-1983; P. Davies, personal c m u n i c a t i o n )  were 
reviewed and used t o  r e f i n e  the  estimates based on t h e  above l i s t e d  

publ icat ions.  The r e s u l t i n g  data s e t ,  which subsequently w a s  used 
throughout the modeling s tudy ,  is shown i n  Table  3.7. The contour map 
(Figure 3.9) of the  freshwater heads provides a q u a l i t a t i v e  impression 
of the undisturbed hydrologic s i t u a t i o n .  The general  p a t t e r n  (north- 
south g rad ien t s  i n  general  with low heads at DOE-1, H-11, and P-17) is 
cons is ten t  w i th  previously published maps (e .g . ,  Mercer, 1983). 

The undisturbed formation-water d e n s i t i e s  can be der ived f r a n  the 

d e n s i t i e s  measured during long-term pumping or production tests i n  the 

Culebra dolomite. A l l  formation-water dens i ty  data fran t h e  Culebra 
dolomite tha t  were ava i l ab le  during the conceptua l iza t ion  of the  model 
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were reviewed and checked f o r  consis tency w i t h  t h e  results of hydro- 
chemical analyses  (Appendix E ) .  Table  3.8 shows the dens i ty  va lues  
selected as the data set for  t h e  modeling s tudy .  L i k e  t h e  freshwater 
heads, the d e n s i t i e s  are also shown as a contour map (Figure 3.10). 

Thus, t he  spatial dens i ty  d i s t r i b u t i o n  is charac te r ized  by high 

d e n s i t i e s  (1.09 g/m3 and more) i n  the e a s t e r n  part of t h e  model area, 
a north-south s t r e t c h i n g  t r a n s i t i o n  zone (1.02-1.08 g/an3) i n  the  

middle, and low d e n s i t i e s  (1.00-1.01 g/m3) i n  t h e  western pa r t .  This 

s impl i f i ed  desc r ip t ion  is complicated by inter inediate  d e n s i t i e s  along 
the western par t  of the northern model boundary. Thus, the  low- 
dens i ty  zone is surrounded i n  the east ,  t h e  n o r t h ,  and most l i k e l y  i n  
the  w e s t  by higher d e n s i t i e s .  The s imula t ion  of t h i s  spa t ia l  dens i ty  
d i s t r i b u t i o n  with the estimated hydraul ic  po ten t i a l  d i s t r i b u t i o n  
(Figure 3.9) is one of t h e  major problems of the  modeling s tudy .  

3.5.2 I n i t i a l  Lateral Boundary Conditions 

Using the spatial d i s t r i b u t i o n  of the bes t  estimate of both the undis- 
turbed freshwater heads and t h e  formation-water d e n s i t i e s ,  the  fresh- 

water heads and t h e  f ormation-water d e n s i t i e s  were estimated at the 

ou te r  edges of all g r i d  blocks along the  model boundaries (Table 3.9). 

These values were then used t o  calculate t h e  formation pressures  and 

the f r a c t i o n a l  b r ine  concentrat ions (Sec t ion  3.3.1) along the model 
boundaries. The implemented boundary condi t ions can be charac te r ized  
as prescr ibed pressures  and prescribed b r ine  concent ra t ions .  Thus,  

dur ing  the  s imula t ion ,  the prescr ibed pressures  are maintained along 
the ou te r  edges of the  model area, and the  inflw from ou t s ide  the 

model area is a s s i p e d  the prescr ibed f r a c t i o n a l  br ine  concent ra t ion ,  
while the  b r ine  concentrat ion of the o u t f l w  is defined by the model- 
calculated value at the cen te r  of the concerned g r i d  block. 
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3.5 .3  Upper and Lawer Boundary Conditions 

During the  conceptual izat ion of the model, i t  was i n i t i a l l y  assmed 
that the geologic  formations above and belw the Culebra do lan i t e  are 
of very l w  permeabili ty and any f l u x  i n t o  or fran t h e  Culebra 
dolomite through these confining beds can be neglected.  Consequently, 
no-flaw boundaries were assumed and implemented at  t h e  t o p  and the  

bot tan of the  Culebra dolanite. However, a t  a la ter  stage of the  

modeling s tudy  it became apparent that  the assumption of an absolutely 
impermeable layer above and belw the  Culebra dolomite ( i . e . ,  t h e  

T a m a r i s k  Member and the unnamed lower member, r e spec t ive ly )  is 
probably an overs impl i f ica t ion  of the  real s i t u a t i o n .  A s e n s i t i v i t y  
ana lys i s  w a s  conducted by incorporat ing a local v e r t i c a l  flux through 
the T a m a r i s k  Member and the unnamed lmer member i n t o  the Culebra 

dolomite. The conceptual izat ion and implementation of the vertical 
f l u x  are discussed i n  Chapter 6. 

3.6 Sinks and Sources 

3.6.1 The Undisturbed Hydrogeologic S i t u a t i o n  

Under undisturbed (i .e., n a t u r a l )  hydrogeologic condi t ions it is 
assuned that no s inks  or sources e x i s t  i n  the  Culebra dolanite. Any 
f l u x e s  i n  or out  of the upper and lower boundary of the Culebra are 
not considered t o  be s inks  or sources ,  but rather boundary condi t ions 
(Sect ion 3.5.3). With t h i s  f i r s t  conceptua l iza t ion ,  only the 

undisturbed (s teady-s ta te )  hydrology of the Culebra dolani t e  was 
modeled (Chapter 4 ) .  It has been assmed t h a t  steady-state formation 
pressures  and f l u i d  d e n s i t i e s  can be defined f o r  the modeled region. 
Tes t ing  the v a l i d i t y  of t h i s  assumption is beyond the smpe of t h i s  

model ing s tudy . 
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3.6.2 The Hydrologic S i t u a t i o n  Since 1981 

_- 

Since  the  sunmer of 1981, the hydrogeology of the  Culebra dolomite has 

been inf luenced by d r i l l i n g  and excavat ing three shaf ts  (waste- 
handling sha f t ,  construct ion and sa l t -handl ing  s h a f t ,  and exhaust 
shaft) a t  the cen te r  of the WIPP s i t e  (see chronology and d iscuss ion  
of shaf t -cons t ruc t ion  a c t i v i t i e s  i n  Appendix F ) .  I n  a d d i t i o n ,  s eve ra l  
wells have been d r i l l e d  or recompleted i n  the model area and numerous 
w e l l - t e s t i n g  a c t i v i t i e s ,  sane of very  long  dura t ions  (i . e . ,  H - 4  tracer 
t e s t ) ,  have been conducted s ince  1981 (Appendix D). Consequently, the  

hydraul ic  s i t u a t i o n  at the beginning of or dur ing  t h e  H-3 mult ipad 

pumping test can not  be considered t o  be undisturbed. For illustra- 
t i o n  purposes, the hydraul ic  heads i n  October 1985 ( i . e . ,  at the  

beginning of the H-3 multipad pumping tes t )  are l i s t e d  i n  Table 3.10 
and shown as a contour map i n  Figure 3.11. A canparison of 
F igure  3.11 w i t h  F igure  3.9 (undis turbed s i t u a t i o n )  or Figure  3.12 
(showing the d i f f e rence  between Figures  3.9 and 3.11 a s  a contour map) 
r evea l s  a large drawdown cone caused by the d i f f e r e n t  a c t i v i t e s  at the 

WIPP s i te  s ince  1981. 

The cen te r  of the drawdown cone coincides  wi th  the l o c a t i o n  of t h e  

sha f t s .  The diameter of the drawdown cone w a s  about 7 km, the depth 
w a s  a b u t  33 m at the shaft l o c a t i o n ,  assuning 926 m a.s.1. for the 

undisturbed freshwater head (Figure 3.9) and 893 m a.s.1. f o r  the 

freshwater head i n  October 1985. The lat ter freshwater head w a s  
der ived f r a n  pressure  rneasurkments i n  the waste-handling sha f t  (WHS) 
(us ing  710 kPa as an average gage pressure  measured by t h e  t ransducers  
PE  207 and PE 208, which are loca ted  at e l eva t ion  820.5 m a.s.1. i n  
the waste-handling shaft; see addi t iona l  details i n  Appendix F ) .  The 

drawdown at the  wells H-1 and H - 2  were 12.2 m and 7.1 m ,  r e spec t ive ly .  
These numbers i l lust rate  the order  of magnitude of the  d is turbance  of 
the hydraulic system i n  t he  Culebra dolomite. 



The implementation of these disturbances at  the WIPP s i t e ,  which a r e  
t r a n s i e n t  by their na tu re ,  w a s  achieved using the  wellbore sutmodel of 
SWIFT I1 (Reeves et al., 1986a). Th i s  subnodel al lms i n j e c t i o n  or  
withdrawal of water fran the model at specified loca t ions  ( i . e . ,  at, 
the  well locations). Details of the  implementation are discussed i n  
Chapter 5. S imi l a r ly ,  the  H - 3  mul t ipad  pumping test w a s  implemented 
using the  above inentioned wellbore subnodel. This  implementation is 
discussed i n  detail i n  Chapter 5. 

3.7 I n i t i a l  Conditions 

The first s t age  of the model s t u d y  ttempted t o  simulate the undi turbed 

hydrogeologic s i t u a t i o n  at the  WIPP s i te  (Chapter 4 )  using steady-state 
so lu t ions  for pressure and br ine  (see Sec t ion  3.1.3). Because the 

i n i t i a l  pressures and br ine  concentrations do not affect the results of 
steady-state modeling, they  were i n i t i a l i z e d  as 101.3 kPa  and 0.0, 

respecti vely . 

During the subsequent phases of the  modeling s tudy ,  when the  effect of 
s h a f t  leakage,  well-test a c t i v i t i e s ,  and t h e  H-3 multipad pumping test 
(Chapter 5) were simulated, the s teady-s ta te  so lu t ions  f o r  pressure  and 
br ine  of t h e  undisturbed hydrogeologic s i t u a t i o n  were used as the 

i n i t i a l  condi t ions for  the t r a n s i e n t  s imula t ions .  
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4.0 SIWLATION OF FLOW UNDER UNDISTURBED H Y D R A U L I C  CONDITIONS 

(PRE-SHAFT COFJDITIONS) 

The first stage of the modeling s t u d y  comprised the  s imula t ion  of flcw 

under undisturbed mnd i t ions .  For t h i s  purpose, t he  model was implemented 
using the  conceptua l iza t ion  as described i n  the previous chapter, and 
calibrated ( 1 )  against the best estimates of the undisturbed formation 
pressures or f resbater  heads, and ( 2 )  against the best estirnate of the 

formation f l u i d  d e n s i t i e s .  This  approach and the  results are discussed i n  
tne  f o l l w i n g  sections. 

4.1 Simulation Using the I n i t i a l  Transmiss iv i t ies  

For the first modeling step, the kriged i n i t i a l  t r a n s m i s s i v i t i e s  
(Sec t ion  3.4.1.41,  t h e  i n i t i a l  boundary condi t ions (Sec t ion  3.5.21, 
n o - f l w  boundaries above and belw the Culebra dolanite (Sec t ion  3.5.31, 
and no s inks  or sources  were used. The steady-state equat ions were 
so lved  fo r  formation pressures and br ine  concentrat ions at the 

grid-block cen te r s .  

The results of t h i s  i n i t i a l  rm are sunmarized i n  Figures  4.1,  4.2 and 
4 . 3 .  Figure 4.1 shows t h e  cdlculated freshwater heads, which are 
der ived  fran the calculated formation pressures, as a contour map. A 

canparison wi th  the contour map f o r  t h e  observed values (Figure 3.9) 
s b w s  that there is a f a i r  agreement between both maps. Hwever ,  there 
are major head d i f f e rences  a t  H-11b3, DOE-1, and H-3b2. These d i f fe r -  

ences are displayed more clearly i n  Figure 4.2, where t h e  d i f f e rences  
between the calculated and the observed fres’mater heads are presented 
as a contour map. 

The numeric values on which Figure 4 .2  is based are l i s ted  i n  Table  4.1.  
Accordingly, t he  sun of the  squared  d i f f e rences  (between t h e  calculated 
and the observed freshwater heads) a t  the 1 4  observa t ion  wells is 
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349.36 m 2 ,  which corresponds t o  a mean squared d i f f e rence  of 24.95 m2. 
A s  Table 4.1 shows, the ca lcu la ted  freshwater heads are genera l ly  too 
high; consequently,  t he  kriged i n i t i a l  t r a n s m i s s i v i t i e s  i n  the southern 
part of t h e  model are, i n  genera l ,  too low. 

The calculated formation-water densities, which are derived f r a n  the 

calculated f r a c t i o n a l  br ine  concentrat ions,  are presented i n  Figure 4.3. 
A comparison w i t h  t h e  contour map f o r  the observed values (Figure 3.10) 

shows that both maps are i n  f a i r  ag remen t  i n  the e a s t e r n  par t  of the 

model area. I n  the western p a r t ,  t h e  agreement is good o n l y  a long the 

northern model boundary. The modeled d e n s i t y  d i s t r i b u t i o n  does not show 
the r e l a t i v e l y  l w  dens i t i e s  observed a t  H-1, H-2b, H-Qb, P-14,  and 
P-15. This  inconsis tency is caused by the model-calculated flow f i e l d  

(g raph ica l ly  s b w n  i n  Figures 4.1 and 4.3 as Darcy-vslocity vec to r s )  
which results i n  water (with d e n s i t i e s  of 1.04 urn3) flowing fran the 
northern boundary t o  the south  and southwest. Thus, the  calculated 
f ormation-water d e n s i t i e s  are cons is ten t  with the ca l cu la t ed  flow f i e l d  

but not wi th  the  observed dens i ty  data. 

4.2 Cal ib ra t ion  of the Model Using the  Observed Freshwater Heads 

The next s t e p  of the  modeling s t u d y  w a s  t o  improve the agreement between 
the calculated and t h e  observed formation pressures  (or  f r e shda te r  
heads), i .e . ,  t o  calibrate t h e  model against the observed undisturbed 
freshwater heads. The f i t t i n g  parameters of this c a l i b r a t i o n  process 
were the  t r a n s m i s s i v i t i e s  of the  individual  g r i d  blocks. 

I n  order t o  maintain consistency with the measured t r a n s m i s s i v i t i e s  i n  
the model area, the i n i t i a l  t r ansmiss iv i t i e s  were modified during t h e  

c a l i b r a t i o n  using t h e  fol lowing approach. Additional data poin ts  w i t h  

t r a n s m i s s i v i t i e s  (specified on the basis of judgement) were added t o  the  

data base used f o r  the  estimation ("kr igingf1)  of the grid-block trans- 
m i s s i v i t i e s  by the kr ig ing  program K603 (Sec t ion  3.4.1).  Subsequently, 
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the modif ied t r a n s m i s s i v i t y  d i s t r i b u t i o n  was calculated by K603 us ing  
the enlarged (a r t i f ic ia l )  data base. Using t h i s  approach,  it w a s  pos- 
s ible  t o  modify the  grid-block t r a n s m i s s i v i t i e s  between the  o t x e r v a t i o n  
wells and still be cons i s t en t  wi th  t he  measured data. I n  a d d i t i o n ,  the  

spatial d i s t r i b u t i o n  of the  modified kr iged  t r a n s m i s s i v i t i e s  has at 
l eas t  similar g rad ien t s  and statist ical  properties a s  the o r i g i n a l  data 
se t .  Therefore, the k r iged  modified t r a n s m i s s i v i t i e s  are considered t o  
be more r e p r e s e n t a t i v e  f o r  the  real s i t u a t i o n  at the WIPP si te  than  
i n i t i a l l y  kriged t r a n s m i s s i v i t i e s  that  are subsequent ly  modified w i t h o u t  

cons ide ra t ion  of the  s ta t is t ical  properties. 

This approach is thought t o  be new (i .e., no t  found i n  o u r  review of the 
literature) and w a s  in t roduced mainly because it eases t h e  c a l i b r a t i o n  
process considerably. However, i t  is similar t o  de Marsily's (1982) 

idea of us ing  f f p i l o t  po in ts f f  du r ing  the c a l i b r a t i o n  of a hydrologic 
model. These p i l o t  po in ts  are determined i n  de Marsily's approach fran 
an i n v e r s e  s imula t ion  given t h e  measured t r a n s m i s s i v i t i e s  and t h e  

measured hydraulic heads. Thus, the measured heads d r i v e  the changes i n  
t he  t r a n s m i s s i v i t y  f i e l d  through t h e  i n v e r s e  code. I n  t h e  approach used 
i n  t h i s  modeling s t u d y ,  the t r a n s m i s s i v i t i e s  at the a d d i t i o n a l  data 
p o i n t s  are simply d e t e m i n i s t i c  estimates. 

De Mars i ly  recommends i n  h i s  work the computation of a raw s a n i -  
variogram of the t r a n s m i s s i v i t i e s  at the  f l p i l o t  po in t s f f  after canp le t ion  
of the c a l i b r a t i o n  process. A a m p a r i s o n  of t h i s  f ' p i lo t  point" semi- 
variogram wi th  t h e  theoretical semi-variogram, which was selected us ing  
the measured t r a n s m i s s i v i t i e s ,  will show whether the f l p i l o t  point"  
t r a n s m i s s i v i t i e s  are cons i s t en t  with the  s ta t is t ical  p r o p e r t i e s  of t h e  

observed data base. This consis tency check was not performed i n  the  

present  s tudy.  However, i t  is considered t o  be a useful s t e p  that 
should be inc luded  i n  f u t u r e  work. While conduct ing this cons is tency  
check is recanmended, it is not  an a b s o l u t e l y  necessa ry  s t e p  du r ing  t h e  

model c a l i b r a t i o n .  It is p resen t ly  planned t o  conduct t h i s  check d u r i n g  
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the  next s t e p  of the modeling s tudy ,  which w i l l  incorporate  results of 
both t e s t i n g  of individual  wells during 1986 and 1987 and of a second 
(northern)  mult ipad pumping test t o  be f i e l d e d  early i n  1987. 

It  should be emphasized tha t  the c a l i b r a t i o n  method descr ibed  i n  this 

report has t o  be further tested and developed as a practical t o o l .  It 's 
rigorous stochastic c reden t i a l s  are as yet unproven, although w e  feel 
that it is as equal ly  well-founded as de Marsily's technique 
(R. A. Freeze, personal camunicat ion)  . 

As described a b v e ,  the addi t ional  data points  were added t o  or modified 

i n  the k r ig ing  data base i n  order t o  improve the consistency with the 

observed pressures (or freshwater heads). The aim of tha t  c a l i b r a t i o n  
process w a s  t o  reduce the differences between the  observed and model- 

calculated heads t o  less than one meter at each observat ion well. T h i s  

one meter c r i t e r i o n  w a s  selected based on the uncertainty of t h e  

observed (field-measured) va lues ,  which is  believed t o  be of similar 
magnitude. These unce r t a in t i e s  i n  t h e  observed values are t h e  result of 
such factors as the use of various measurement systems t o  determine the  

downhole water l e v e l s  or pressures ,  the  u n c e r t a i n t i e s  i n  t'he ground 
surface elevations, and the uncertainty i n  the estimate of the  average 
dens i ty  of t h e  f l u i d  i n  t h e  wells. 

The  r e s u l t i n g  t r a n s m i s s i v i t i e s ,  which are referred t o  i n  t h i s  report as  
l lpressure-cal ibrated s teady-state  t r ansmiss iv i t i e s " ,  are shown as the  

contour map i n  Figure 4.4. The (+) symbols which coincide wi th  the  

locations of t h e  observat ion wells i n d i c a t e  where t r a n s m i s s i v i t i e s  have 
been der ived fran f i e l d  tests. The other (+ )  symbols represent  t h e  

locations of prescribed t r a n s m i s s i v i t i e s  chosen f o r  modifying the 

i n i t i a l  t r ansmiss iv i ty  d i s t r i b u t i o n .  A comparison w i t h  the  i n i t i a l  
t r a n s m i s s i v i t i e s  (Figure 3.7) e s s e n t i a l l y  shows t h a t  t h e  following 
modifications were made during the c a l i b r a t i o n  process: 
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1 .  The g r i d  blocks along the e a s t e r n  model boundary and between H-12, 

P-18,  and H - 5  were assigned genera l ly  low t r a n s m i s s i v i t i e s  
( T  = l oe8  t o  T h i s  is cons is ten t  w i t h  the hypotheses 
t h a t  the high t r a n s m i s s i v i t i e s  i n  the Culebra dolomite are caused 
m o s t l y  by d i s s o l u t i o n  effects and that the ex ten t  of d i s s o l u t i o n  
decreases toward the east (Snyder, 1 9 8 5 ) .  Accordingly,  low 

m 2 / s ) .  

transmissivities would be expected east of the d i s s o l u t i o n  f r o n t ,  
i . e . ,  along the  e a s t e r n  model boundary (F igure  2 .2) .  Lowest  
transmissivities m 2 / s  or less) occur where no h a l i t e  is 
apparent ly  missing f r a n  the  Rus t le r  Formation. 

2. A high- t ransmiss iv i ty  zone (T = 1 x l oe5  t o  2 x m 2 / s >  w a s  
introduced between H-llb3 and the southern boundary i n  order t o  
reduce the formation pressures at DOE-1 and H-11. I n  order t o  
p ro tec t  P-17  f r a n  too much drainage by t h i s  high t r a n s m i s s i v i t y  
zone and maintain consistency w i t h  t he  pressures  measured at  P-17, 

the  area around P-17 had t o  rena in  a t  its i n i t i a l  t r ansmiss iv i ty  
( T  = 1 . 8  x m 2 / s ) .  

3. A l m - t r a n s m i s s i v i t y  zone ( T  = m2/s and less) w a s  placed 
between WIPP-12 and H-5 i n  order t o  reduce the ground-water flow 
from the nor thern  boundary tmards DOE-1 and H-11. T h i s  measure 
reduced f u r t h e r  the pressure at those two wells. The sane pressure  
reduct ion  could have been achieved by a s s ign ing  even higher trans- 
m i s s i v i t i e s  (more than 2 x l o e 4  m2/s> t o  the drainage zone sou th  of 
H-11. Hmever,  the combination of l a w  t r a n s m i s s i v i t i e s  nor th  of 
DOE-1 and high transmissivities south  of H-11 is considered t o  be 

more reasonable f o r  represent ing  the real s i t u a t i o n  at the WIPP 

s i t e  rather than j u s t  very high t r a n s m i s s i v i t i e s  sou th  of H-11 

on ly ,  because there is no other evidence (e .g . ,  fran well tes ts)  of 
the  occurrence of a zone wi th  very high t r a n s m i s s i v i t i e s  (more than  
2 x l oW4 m2/s)  i n  t h e  area sou th  of H-1 1 . 
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4. I n  order  t o  obta in  the  ohserved pressure gradient  between H-3 and 
H-2/H-1, the transmissivities i n  t h a t  area had t o  be increased 
r e l a t i v e  t o  the  kriged i n i t i a l  t r a n s m i s s i v i t i e s .  The r e s u l t i n g  
transmissivities ( T  = 4 x 10-7 t o  1 x 10-5 m2/s> are cons is ten t  
w i t h  the ana ly t i ca l  i n t e r p r e t a t i o n  of the H-3 mul t ipad  pumping tes t  
by Beauheim, ( i n  preparat ion)  t o  obta in  average t r a n s m i s s i v i t i e s  
between H-3 and wells H-2 and H-1. 

The c o r r e l a t i o n  l eng th  of the  t r a n s m i s s i v i t i e s  der ived fran the 

semi-variogram a n a l y s i s  (Section 3.4.1.3) is much larger than  the 

average grid-block s i z e  i n  the cen t r a l  part of the  model area. 
Therefore ,  t h e  transmissivities of the g r id  block wi th  a g r i d  block 

center  that does not exac t ly  coincide wi th  an observed data point 
( i . e . ,  a well l o c a t i o n )  is influenced by t h e  modif icat ions 
described above, even i f  there is a well located wi th in  the  g r i d  

block. The reason f o r  this is one of the  characteristics of 
k r ig ing ,  which always uses all data points  wi th in  the  c o r r e l a t i o n  
l eng th  f o r  t h e  est imat ion of t h e  value at a given point  unless this 
point coincides  w i t h  a data point .  

As shown i n  Figure 3.4, the g r i d  block cen te r s  genera l ly  do not 
exactly coincide wi th  the  well l o c a t i o n s ,  although having coinci-  
dent pos i t ions  was attempted when the model g r i d  w a s  e s t ab l i shed  
(Sect ion 3.2.3) .  Thus, after t h e  c a l i b r a t i o n  of the'model,  the 

t r a n s m i s s i v i t i e s  of the  g r i d  blocks w h i c h  correspond t o  the 

loca t ions  of H-1 and H-2  are higher than  measured i n  H-1 or  N-2. 
T h i s  discrepancy is  considered acceptab le  because t h e  results of 
the  single-well  hydraulic tests at these wells are not necessa r i ly  
representa t ive  f o r  50,000 m2,  i . e . ,  t h e  g r i d  block s i z e  at H-1 o r  
H-2 .  

5. After implanenting all t h e  t r ansmiss iv i ty  modif icat ions described 

above, it was found t h a t  t he  pressures  a t  H-1, H-2  and H-3b2 were 
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too low, although the gradients  between them were correct. The 

t r a n s m i s s i v i t i e s  between H - 3  and DOE-l/H-ll were cons i s t en t  with 

the a n a l y t i c a l  i n t e r p r e t a t i o n  by Beauheim ( i n  preparat ion)  and, 
therefore, t h e y  were not changed i n  order t o  i n c r e a s e  the pressures  
of H-1,  H-2, and H-3. Thus, t o  inc rease  the  pressures  i n  the  H-1,  

H-2, and H - 3  r eg ion ,  the t r a n s m i s s i v i t i e s  between WIPP-13 and H-1 
were increased t o  1 x m2/s.  These t ransmi ssi vi ti es are 
cons i s t en t  wi th  the preliminary results of hydraul ic  t e s t i n g  
performed i n  WIPP-13, which i n d i c a t e  a t r a n s m i s s i v i t y  between 
1 x loe6 and 1 x m 2 / s  (INTERA, unpublished estimate). 

This  intermediate  t ransmiss iv i ty  zone between WIPP-13 and H-1 
caused a pressure inc rease  a t  P - 1 4 ,  which had t o  be canpensated by 
a l so  i n c r e a s i n g  the t r a n s m i s s i v i t i e s  east of P-15 by half  an order 
of magnitude. 

The above-described t ransmiss iv i ty  modifications were implemented s t e p  
by s t e p ,  gradual ly  improving the agreement between the calculated and 
the  observed pressures  (or freshwater heads). However, there is no 
unique s p a t i a l  t ransmiss iv i ty  d i s t r i b u t i o n  that  best  fits t h e  observed 
data. The reason f o r  t h i s  lies simply i n  the large nunber of individual  
t r a n s m i s s i v i t i e s  (one f o r  each of the 928 gr id  blocks),  which i n  theory 
could be modified independently and i n  very s m a l l  steps r e s u l t i n g  i n  an 
a l m o s t  i n f i n i t e  nunber of s p a t i a l  t r a n s m i s s i v i t y  d i s t r i b u t i o n s .  

Thus ,  t h e  t r a n s m i s s i v i t y  d i s t r i b u t i o n  shown i n  F igure  4.4 r ep resen t s  
on ly  one p o s s i b i l i t y  t o  calibrate the s t e a d y - s t a t e  model t o  the  

undisturbed formation pressures or freshwater heads. However, i n  order 
t o  maintain consistency with t h e  observed t r a n s m i s s i v i t y  data, t he  

t r a n s m i s s i v i t y  d i s t r i b u t i o n  of any c a l i b r a t e d  model w i l l  inost l i k e l y  
show the fol lowing characteristics (as canpared t o  the kr iged  i n i t i a l  
t r a n s m i s s i v i t i e s ) .  
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1 .  Either a very high-transmissivity zone between H-11 and t h e  

southern boundary, or a canbination of a high-transmissivity zone 
there and a low-permeabi l i ty  barrier between WIPP-12 and H-5. 

2. S l i g h t l y  increased t r a n s m i s s i v i t i e s  i n  the area of H - 1 ,  H - 2 ,  and 
H-3. 

3. A zone of increased t r ansmiss iv i ty  either between WIPP-13 and H-1 

or between H-6 and H-1 /H-2 ,  or general ly  higher  t r a n s m i s s i v i t i e s  
between DOE-2 and H-1.  

The hydrologic p rope r t i e s  of the  model using the t r a n s m i s s i v i t i e s  shown 
i n  Figure 4.4 are discussed i n  t h e  following s e c t i o n .  

4.3 Pressure-Calibrated Model f o r  Undisturbed Hydraulic Conditions 

The results of t h e  s imulat ion using the  s a n e  model par&eters  as the 

i n i t i a l .  run (Section 4.1 ) but the pressure-calibrated s t eady- s t a t e  
t r a n s m i s s i v i t i e s  (Sect ion 4.2) are sunmarized i n  Figures  4.5, 4.6, 4.7, 
and 4.8. 

F igure  4.5 shows a contour map of the calculated freslwater heads which 

were de r i  ved f ran t h e  calculated formation pressures.  Addi t i o n a l l y ,  the 

f lw  f i e l d  is presented w i t h  Darcy-velocity vec to r s .  A comparison w i t h  

the contour map of the observed values (Figure 3.9) shows tha t  there is 
a very good agreement between the  maps. The remaining discrepancies  are 
displayed i n  Figure 4.6, where the d i f f e rences  between the calculated 
and the  observed freshwater heads are contoured. 

The nuneric values on which Figure 4.6 is based are l isted i n  Table 4.2. 
The sun of the squared head differences fo r  the ohservat ion wells is 
3.42 m2, which corresponds t o  a mean squared d i f f e r e n c e  of 0.24 m2. The 

largest head differences occur a t  P-17 (-0.94 m )  and H-11 (+0 .88  m). 
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Thus, the  c a l i b r a t i o n  c r i t e r i o n  t o  reduce the d i f f e rence  t o  less than 
1 m (Sect ion 4.2) w a s  achieved. Therefore,  t h e  model w a s  considered t o  
be calibrated against the undisturbed, long-term freshwater heads. I n  
the  fol lowing chapters t h i s  model is referred to  as t h e  llpressure- 
calibrated s teady-s ta te  model". 

The flaw f i e l d  of the pressure-calibrated s t e a d y - s t a t e  model 

(Figure 4.5) can be characterized with respect t o  Darcy v e l o c i t i e s  as 
follows. 

1.  

2. 

3. 

4. 

I n  the e a s t e r n  model area (H-12, P-18, H-51, very l o w  Darcy veloci-  
ties (less than m/s or less than 0.03 m/y) occur because of 
the l a w  t r a n s m i s s i v i t i e s .  S imi l a r ly ,  low Darcy v e l o c i t i e s  prevai l  
i n  the  area between WIPP-12, WIPP-21, P -18 ,  and H - 5 ,  because low 
t r a n s m i s s i v i t i e s  have been implemented i n  t h i s  region during the 

c a l i b r a t i o n  process. 

Very l a w  Darcy v e l o c i t i e s  (less than lo-' m/s or less than 
0.03 m/y) can also be seen  i n  the area of P-15, H-4, and P-17, and 

t o  the  south  of that a r e a ,  where l c k r l  t r a n s m i s s i v i t i e s  impede 

ground-wat er flow. 

Darcy v e l o c i t i e s  between lo-' m/s (0.03 m/y) and 5 x m / s  
(0.15 / y )  occur i n  the area frcm H-6 and DOE-2 i n  the  no r th  t o  P-15 
and H-4 i n  the sou th .  

Rela t ive ly  high Darcy v e l o c i t i e s  (lov8 m / s  or 0.03 m/y and more) 
were calculated f o r  the  western pa r t  of the  model area and the 

high-transmissivi ty  zone between H-11 and the southern boundary. 
These areas correspond t o  r e l a t i v e l y  high t r a n s m i s s i v i t i e s  
(Figure 4 . 4 ) .  
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Thus, i n  genera l ,  the  Darcy ve loc i t i e s  are clceely correlated t o  the 
t r a n s m i s s i v i t i e s  assuned f o r  the Culebra dolomite. Similarly, t he  flow 

paths depend s t r o n g l y  on the  t r ansmiss iv i ty  d i s t r i b u t i o n .  A s  Figure  4.5 
shows, there are two main ground-water flow paths  associated wi th  the 

high t r a n s m i s s i v i t i e s  i n  the model area: t h e  f irst  one flawing f r a n  
no r th  t o  south  along the western model boundary, and t h e  second one 
s t a r t i n g  between H-6 and DOE-2 i n  the nor th ,  f lawing t o  the sou th  t o  
H - 2 ,  t u rn ing  south-eastward, passing H - 3  and DOE-1 and flowing aga in  t o  
the sou th  f r a n  H-11 t o  t h e  southern model boundary. 

The calculated formation-water d e n s i t i e s ,  which are der ived from the  

calculated f r a c t i o n a l  br ine  concent ra t ion . ,  are presented i n  Figure 4.7. 
A canparison w i t h  the calculated d e n s i t i e s  of the i n i t i a l  run 
(Figure 4.3) shws that there are only minor d i f f e rences .  The general  
p a t t e r n ,  i . e . ,  high densities (1.08 - 1.10 g/cm3) i n  the eas t e rn  part 
and in te rmedia te  densities (1.03 - 1.05 g/cn3) almost everywhere else, 
remained t h e  sane. The d i f fe rences  between the  observed d e n s i t i e s  and 
the model-calculated values a r e  d isp layed  as a mntour  map i n  
Figure 4.8. Accordingly, the model calculated values are t o o  low at 
DOE-1, H-11,  and P-17. T h i s  is caused by the rather I w - d e n s i t y  water 
that  flows fran the cen t r a l  pa r t  of t h e  model ( reg ion  of H-1,  H-2, and 
H-3) t o  DOE-1 and H-11 and then through the  h igh- t ransmiss iv i ty  zone t o  
the southern model boundary (Figure 4.7) .  Because t h e  t r a n s m i s s i v i t i e s  
no r th  and east of H-11 and DOE-1 are relatively l w ,  o n l y  a s m a l l  amount 
of high-density water reaches t h e  l o c a t i o n  of WE-1 and H-11 . Conse- 
quent ly ,  t h e  calculated f l u i d  dens i ty  there is a l m o s t  the same as i n  the  

c e n t r a l  region (H-1 ,  H-2, H - 3 ) .  Additional c a l i b r a t i o n  work t o  decrease 
the  d i f f e rences  between t h e  observed and t h e  calculated d e n s i t y  values 
a t  WE-1 and H-11 is described i n  Sect ion 4.5. 

As Figure  4.8 further demonstrates, the calculated densities at H-1 ,  

H-2, H-4,  P-14, and P-15 are too high. With the  flow f i e l d  of the 

pressure-calibrated steady-state model, t h e  calculated densities at 
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t hese  loca t ions  are governed by the densities assigned t o  the northern 
boundary condi t ions of the western half of the model. It is obvious 
that with the boundary conditions implemented (lateral prescr ibed 
pressure  and prescribed densi ty  boundary condi t ions,  but no v e r t i c a l  
f l u x  i n t o  or out of the Culebra dolomite) and a general  hydraul ic  
grad ien t  from south t o  north,  it is almost impossible t o  ob ta in  a north- 
south dens i ty  grad ien t  as  apparently observed between H-6 and H-2 o r  
between DOE-2 and H-1 (Figure 3.10). 

Assuming that t h e  measured densities are representa t ive  for  the 

formation water i n  the area of the boreholes from which the  samples were 
taken, there are severa l  a l t e r n a t i v e  approaches t o  address the problem. 

1. me boundary conditions assigned t o  the northern model boundary may 
not represent  the real s i t u a t i o n .  As Figure 3.10 revea ls ,  t he  
densities assigned t o  the western pa r t  of the model boundary are 
governed by the values observed at  WIPP-25, H-6, DOE-2, and 
WIPP-30. During the d e f i n i t i o n  of the boundary condi t ions it was 
assumed that in t e rpo la t ion  (as conducted by the  contouring program) 
between the boreholes would provide a spatial density d i s t r i b u t i o n  
r ep resen ta t ive  of the real s i t u a t i o n .  This assumption is probably 
v a l i d  if  the connecting l i n e  between the boreholes (between which 

the in t e rpo la t ion  is done) is more or less parallel t o  the ground- 
water flow, but not necessar i ly  valid if  the connection l i n e  is 
perpendicular t o  the ground-water flow (as it is i n  the present  
case). I n  the latter case, the density d i s t r i b u t i o n  between two 
wells can be rather heterogeneous. Thus, the densities f o r  the 

boundary condi t ions w e r e  modified i n  the subsequent c a l i b r a t i o n  
described i n  Sect ion 4.5 i n  order  t o  Improve the consistency 
between the ca lcu la ted  and observed formation-fluid d e n s i t i e s .  

2. There may be water with low minera l iza t ion  leaking through the 

Tamarisk Member i n t o  the Culebra dolomite, or highly mineralized 
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water r i s i n g  through the unnamed lcwer member of the  Rustler 
Formation. Such a v e r t i c a l  f l u x  could cause t h e  irregular s p a t i a l  
dens i ty  d i s t r i b u t i o n  observed. The t e s t i n g  of this p o s s i b i l i t y  w a s  
attempted by loca l ly  implementing a vertical, low-density or high- 

dens i ty  f l u x  i n t o  t h e  modeled Culebra dolanite. The conceptual- 
i z a t i o n  and implementation of t h i s  vertical f l u x  and t h e  effects on 
the spatial dens i ty  d i s t r i b u t i o n  are discussed i n  Chapter 6. 

3. The observed dens i ty  d i s t r i b u t i o n  nay not represent  a s t eady  state.  
T h i s  would mean that the higher d e n s i t i e s  i n  the northwestern part 
of t h e  model represent  the f r o n t  of nore  s a l i n e  water coming from 
the  no r th  and rep lac ing  older,  less s a l i n e  water. T h i s  theory is 
d i f f i c u l t  to  v e r i f y  and a l s o  d i f f i c u l t  t o  implenent as a conceptu- 
a l i z a t i o n  of the model. Modeling t h i s  process would r equ i r e  a 
t r a n s i e n t  s imulat ion covering severa l  thousand years. Therefore, 
i t  w a s  not f u r t h e r  pursued wi th in  the  scope of t h i s  modeling s t u d y .  

4.4 S e n s i t i v i t v  of t he  Model t o  DisDersivitv 

Before f u r t h e r  model c a l i b r a t i o n  (i .e.,  against the observed d e n s i t i e s )  
w a s  conducted, the p r e s s u r e c a l i b r a t e d  s t eady- s t a t e  model w a s  used t o  
i n v e s t i g a t e  the s e n s i t i v i t y  of the model t o  changes i n  t h e  longi tudina l  
and t r ansve r se  d i s p e r s i v i t y  . 

As discussed i n  Sec t ion  3.3.3, longi tudina l  and t r ansve r se  d i spe r s iv i -  
ties of 50 m and 2.5 m ,  r e spec t ive ly ,  were selected and used throughout 
t he  modeling. However, because of the unce r t a in t i e s  associated w i t h  the 

es t imat ion  of these transport parameters, a sys temat ic  parameter 
v a r i a t i o n  w a s  performed. 

During t h i s  parameter -sens i t iv i ty  s t u d y ,  t he  longi tudina l  d i s p e r s i v i t y  
w a s  var ied using 10 m ,  20 m ,  50 m, 100 m ,  and 200 m .  This  range i n  
long i tud ina l  d i s p e r s i v i t y  is considered adequate f o r  the regional  scale 
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of t h e  ground-water f lw system that is being modeled. The t r ansve r se  
d i s p e r s i v i t y  w a s  changed accordingly so  tha t  the r a t i o  of t r ansve r se  t o  
long i tud ina l  d i s p e r s i v i t y  stayed constant at 0.05. 

The results of simulations using t h i s  parameter v a r i a t i o n  are shown i n  
Figures 4.9 and ,  4.10, where the calculated f resbater  heads and the 

d e n s i t y  d i s t r i b u t i o n s  are shown f o r  a long i tud ina l  d i s p e r s i v i t y  of 50 m 

chosen as the  s tandard  case) and for  d i s p e r s i v i t y  values of 10 m and 
200 m. A s  s e e n ,  t he  e f f e c t  of varying t h e  d i s p e r s i v i t i e s  is v e r y  mall 
i n  the  range fran 10 m t o  200 m .  Thus, the model can be considered t o  
be i n s e n s i t i v e  t o  changes i n  d i s p e r s i v i t y .  The reason f o r  t h i s  is the  

fact that there are no really s t rong  d e n s i t y  c o n t r a s t s  (over small t o  
in te rmedia te  d i s t a n c e s )  i n  the ca lcu la ted  spat ia l  dens i ty  d i s t r i b u t i o n  
of the calibrated s t eady- s t a t e  model. 

4.5 C a l i b r a t i o n  of t h e  Model Using the  Observed Formation-Water 
Densi ti es 

The next  s t e p  of the modeling s tudy  was to  improve the a g r e m e n t  between 
the ca l cu la t ed  and t h e  observed f ormation-water d e n s i t i e s .  As discussed 

i n  Appendix E, the  o b e r v e d  dens i ty  data can be associated w i t h  an error 
of 0.5 - 0.6 percent  inherent  t o  the hydrogeochemical ana lyses  and the 

eva lua t ion  methods. This error does not inc lude  any  possible e r r o r  
caused by contamination of the water samples by non-formation waters 
(e .g . ,  d r i l l i n g  f l u i d ) .  A l t b u g h  methods exist t o  check t h e  hydro- 

geochemical consis tency of water samples wi th  the  formation fran which 

they  were taken (Appendix E ) ,  i t  is d i f f i c u l t  t o  quant i fy  the error 
caused by contamination unless the chemistry of the contaminant f l u i d  
and its percentage i n  the  sample is known (e.@;., as a result of d r i l l i n g  
f l u i d  tracer a p p l i c a t i o n ) .  However, these hydrogeochemi c a l  consis tency 
checks have demonstrated that i n  general  the water samples appear t o  be 

r e p r e s e n t a t i v e  f o r  t h e  Culebra dolanite (Appendix E . ) .  Therefore ,  the 

poss ib le  error due t o  contamination is not l i k e l y  t o  exceed the 
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a n a l y t i c a l  e r r o r ,  resulting i n  an estimated o v e r a l l  e r r o r  of about 1% of 
the observed density values. Thus, the accuracy of the observed 
formation-water densitites is assumed t o  be kO.01 g/cm3, unless the 

hydrogeochemical consistency checks ind ica t e  a higher poss ib le  e r r o r  
(Appendix E, Table E.3). 

Accordingly, t h e  aim of the ca l ib ra t ion  process w a s  defined t o  reduce 
the d i f fe rence  between the observed and the model calculated d e n s i t i e s  
t o  less than or equal t o  0.01 g/cm3 at those borehole locat ions where 
reliable water samples have been taken. Of course, c a l i b r a t i o n  against 
the undisturbed formation pressures (or freshwater heads) had t o  be 

maintained during ca l ib ra t ion  t o  the observed formation-water densities. 

The starting point of this  ca l ib ra t ion  stage was the t r ansmiss iv i t i e s  
and the boundary conditions of the pressure-cal ibrated s teady-state 
model. The model t r ansmiss iv i t i e s  were step-wise modified using the 

approach described i n  Section 4.2. 

The r e s u l t i n g  t r ansmiss iv i t i e s ,  which are referred to  i n  this  report  as 
'densi ty-cal ibrated s teady-state  t r ansmiss iv l t i e s  I ,  are shown as a 
contour nap i n  Figure 4.11. A comparison with the pressure-cal ibrated 
s teady-state  t r ansmiss iv i t i e s  (Figure 4.4) shows that the following 
modifications were made during the ca l ib ra t ion  process: 

1. The high-transmissivity zone (T = 2 x m2/s>  between H-11 and 
the southern model boundary was shifted three g r i d  blocks t o  the 

west i n  order  to direct the low-density ground water coming from 
the model center  (H-1, H-2, H-3) more t o  the west. In  addi t ion ,  
the low t r ansmiss iv i t i e s  between H-5 and P-18 introduced during the 

c a l i b r a t i o n  against the undisturbed heads (Section 4.2) were 
removed, allowing more high-density ground water flowing from the 
northeastern corner t o  the area  of DOE-1 and H-11. "his add i t iona l  
flow from the northeast  did not s i g n i f i c a n t l y  increase  the heads at  
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DOE-1 and H-11 because the high t r a n s m i s s i v i t y  i n  the s o u t h  w a s  
placed i n  a wider gr id  block allowing more water t o  be drained 
w i t b u t  i nc reas ing  the t r ansmiss iv i ty  of the zone i t s e l f .  As a 
result of these changes, the calculated formation-water d e n s i t y  at 
DOE-1 and H-11 was increased  by about 0.04 g / m 3 .  

2. I n  order t o  main ta in  the head at P-17,  i t  w a s  necessary  t o  inc rease  
the nunber of t1artificii3L1f points  wi th  l w  transmissivities around 
P-17. Nonetheless ,  it proved t o  be d i f f i c u l t  t o  avoid too much 
drainage at P-17 as a result of the h igh- t ransmiss iv i ty  zone, whi le  

maintaining s u f f i c i e n t  drainage fran the area at  DOE-1 and H - 1 1 .  

Therefore, the quest ion arises whether the  best estimate of the 

undisturbed head f o r  P-17 (911.2 m ,  Table 3.7) is accurate. As 

Figure  3.9 sbws, the  contour l i n e s  i n  general  are smooth. One 
except ion is the 912 m e l eva t ion  l i n e  nea r  P-17 which i n d i c a t e s  a 
freslwater e l eva t ion  sanwhat too high fo r  the general  pa t t e rn .  
Taking i n t o  account the  local hydraulic grad ien t  i n  t he  neighbor- 
b o d  of P-17 (a 'mut 2m/kn), a hydraulic head of 910 m a.s.1. s e a s  
t o  be more rep resen ta t ive  than the previous ly  estimated 
912.2 m a .s . l .  

One possible reason f o r  an overestimated head value at P-17 m i g h t  

be that t h e  estimate of the d e n s i t y  of the borehole f l u i d  used f o r  
the ca l cu la t ion  of the freshwater head is wrong. Assuning f o r  
in s t ance  an e f f e c t i v e  borehole f l u i d  densi ty  of 1.04 g/an3, a 
f r a t w a t e r  head of 909.6 m (us ing  842.4 m a.s.1. for the cen te r  of 
the Culebra dolomite and 907.0 m a.s.1. f o r  t h e  water l e v e l  i n  t h e  

well) would result and f i t  much better t o  the  reg iona l  pa t t e rn .  
T h i s  explana t ion  is supported by the  d i f f i cu l t i e s  i n  c a l i b r a t i n g  
the model such that the calculated format ion- f lu id  d e n s i t y  a t  P-17 
is 1.060 g/m3 (see Sec t ion  4.6). 
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With t h e  above-mentioned changes i n  the t r a n s m i s s i v i t i e s ,  i t  w a s  
poss ib le  t o  improve the consistency between the calculated and the 

observed formation-water dens i t i e s  at DOE-1 and H-11. As discussed i n  
Sec t ion  4.3, the calculated dens i t i e s  at the well loca t ions  depend 
s t rong ly  on the prescr ibed d e n s i t i e s  of the boundary condi t ions  along 
the  northern model boundary. Therefore ,  the  prescribed d e n s i t i e s  for  
the  boundary condi t ions were stepwise modified dur ing  the  c a l i b r a t i o n  
against the observed formation-water dens i t i e s .  The r e s u l t i n g  boundar'y 
condi t ions are l i s t e d  i n  Table 4.3. A comparison w i t h  t h e  i n i t i a l  
boundary condi t ions (Table  3.9) shows that  e s s e n t i a l l y  the  fol lowing 
modif icat ions were made: 

1. The prescr ibed formation-water densities along the  western model 
boundary and along t h e  western par t  of the  northern model boundary 

were lcwered except d i r e c t l y  nor th  of H-6. Consequently, the  

calculated d e n s i t i e s  a t  H-1, 11-2, H-4,  P-14, P-15, and H-7 were 
ladered ,  whi le  the value at H-6 remained more or less the same. 
Thus, t h e  aweanent  between the ca lcu la t ed  and the  observed 
formation-water densities is s a t i s f a c t o r y  (i .e., the d i f f e rence  is 
less than 0.01 g/m3 f o r  m o s t  wells). However, the assigrment of a 
rather high d e n s i t y  (1.039 g/an3) n o r t h  of H-6 does not r e a l l y  
s o l v e  the problan of understanding the reason f o r  t h e  r e l a t i v e l y  
high d e n s i t y  a t  H-6 fran a s c i e n t i f i c  point of view, but rather 
t r a n s f e r s  it t o  the ou t s ide  of the model area. Therefore ,  the 
quest ion of why r e l a t i v e l y  d i f f e r e n t  formation-water densities 
occur i n  the  western part of t h e  model area w a s  not answered by the  

present modeling s tudy  (see also Sec t ion  6.1.2) .  

2. The prescr ibed formation-water densities along t h e  nor thern  model 
boundary between DOE-2 and H-5 were adjusted i n  order t o  calibrate 
t h e  ca l cu la t ed  formation-f luid d e n s i t i e s  i n  the e a s t e r n  par t  of t h e  

model area. 
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The above-described inodif i ca t ions  of the  t r a n s m i s s i v i t i e s  and the 

changes i n  the d e n s i t i e s  of the boundary condi t ions were implemented 
s t e p  by s t e p ,  gradual ly  improving the agrement  between the  calculated 
and t h e  observed formation-f luid densit ies while t r y i n g  t o  main ta in  the 

achieved c a l i b r a t i o n  aga ins t  the observed f res twater  heads. The results 
of t h i s  c a l i b r a t i o n  are discussed i n  t h e  fol lowing s e c t i o n .  

4 .6  Density-Calibrated Model f o r  Undisturbed Hydraulic Conditions 

The results of the s imula t ion  using the modified t r a n s m i s s i v i t i e s  and 
boundary condi t ions described i n  the  previous s e c t i o n  are shown i n  
Figures  4 .12  through 4.15. 

Figure 4 . 1 2  shows the calculated f r e s iwa te r  heads as  a contour map. The 

d i f f e rences  between the calculated and the observed freshwater heads are 
l i s t ed  i n  Table 4.4 and presented as a contour map i n  F igure  4.13.  

A canparison with the  corresponding Figures  4 . 5  and 4 . 6  and Table  4 . 2  of 
the p r e s s u r e c a l i b r a t e d  model sbws that the ca l cu la t ed  heads were only  
s l i g h t l y  changed by the  c a l i b r a t i o n  aga ins t  t he  observed f onnation-water 
d e n s i t i e s .  The sun of the squared head d i f f e rences  for the  observa t ion  
wells increased  fran 3 .43  m 2  (Table 4 .2 )  t o  4.57 m 2  (Table 4 . 4 ) .  T h i s  
i nc rease  results m a i n l y  fran a higher freshwater head at  H-11 and fran 
lower values at  H-4 and P-17, which are caused by s h i f t i n g  the high- 

t r ansmiss iv i ty  zone ( south  of H - 1 1 )  t o  the w e s t  (see previous s e c t i o n ) .  
It would have been poss ib l e  t o  reduce the  d i f f e rence  between the calcu- 
lated and the observed f r e s lwa te r  heads at either H-11 o r  at P-17 and 

H-4, but causing an increased  d i f fe rence  at the  o t h e r  l o c a t i o n .  Thus, 

the calculated heads and head d i f fe rences  of t h e  dens i ty-ca l ibra ted  
model as shown i n  Figures  4 .12  and 4 . 1 3  are a balanced canpranise  wi th  

an error of +1.08 m and -1.07 m at  H-11  and P-17, r e s p e c t i v e l y  
(Table 4 . 4 ) .  As already discussed i n  the  previous s e c t i o n ,  t h e  measured 
freshwater head at P-17 may not be r ep resen ta t ive  f o r  that  l o c a t i o n .  

I. 
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Therefore ,  i t  w a s  f e l t  that the  achieved pressure c a l i b r a t i o n  at P-17 
and H-11 w a s  s u f f i c i e n t ,  and no further attempts t o  improve the  

cal i brat i on were made. 

A second area where the c a l i b r a t i o n  aga ins t  the o tserved  fresbater 
heads de te r io ra t ed  during the  dens i ty  c a l i b r a t i o n  w a s  i n  the  cen t r a l  
region (H-1, H-2, H-3). For ins tance ,  t h e  error at H-3 increased  fran 
-0.16 m t o  -0.97 m (Tables  4.2 and 4 . 4 ) .  However, t he  increased  e r r o r s  
are still wi th in  the l - m  c a l i b r a t i o n  l i m i t ,  de f ined  i n  Sec t ion  4.2. 
Therefore, the  c a l i b r a t i o n  of the cent ra l  region w a s  still considered t o  
be s u f f i c i e n t  . 

The calculated formation-water d e n s i t i e s  and the  d i f fe rences  between t h e  

calculated and the observed dens i t i e s  are shown i n  Figure 4 .14  and 4 .15 ,  
r e spec t ive ly .  A comparison w i t h  the corresponding f i g u r e s  (Figures  4 . 5  
and 4 .6 )  of t h e  p r e s s u r e c a l i b r a t e d  model shows tha t  the agreement 
between the Calculated and the observed dens i t i e s  w a s  improved 
s i g n i f i c a n t l y .  As discussed i n  Sect ion 4.5, t h e  a i m  of the c a l i b r a t i o n  
process w a s  t o  reduce t h e  absolute d i f fe rences  between the observed and 

the calculated d e n s i t i e s  t o  less than or equal t o  0.01 urn3. As 

Figure  4 .15  demonstrates, t h i s  aim w a s  reached at all borehole loca t ions  
except a t  P-17, H-3, and DOE-1. 

The d i f fe rence  at P-17 (-0.04 @;/an3) is by f a r  the l a r g e s t  i n  the  model 
area. I t  is a direct result of t h e  simulated flow f i e l d  (F igure  4 .14 )  
which carries l w - d e n s i t y  water fran the  cen t r a l  region t o  the  high- 

t r ansmiss iv i ty  zone between H-11 and P-17, causing r e l a t i v e l y  low 
densities at P-17 (1.020 g / m 3  instead of 1.060 g/an3). There is no 
p o s s i b i l i t y  of obta in ing  s i g n i f i c a n t l y  higher d e n s i t i e s  a t  P-17 with 

t h i s  f lw  f i e l d .  S ign i f i can t  changes of t h i s  f lw  f i e l d  are restricted 
by the  fol lowing f a c t s :  
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1 .  The r e l a t i v e l y  l w  freshwater  heads at DOE-1 and H-11 r e q u i r e  a 
high-transmissivi ty  zone between these two boreholes and the  

southern  'boundary. 

2. The t r a n s m i s s i v i t y  between DOE-1/H-11 and the  c e n t r a l  region (H-1,  
H-2, H - 3 )  cannot be changed s i g n i f i c a n t l y  and still be m n s i s t e n t  
wi th  the i n t e r p r e t a t i o n  of the H-3  mult ipad pumping test by 
Ekauheim ( i n  prepara t ion) .  Thus ,  there will always be a rather 
s t r o n g  f l w  of 1ck.l-density ground water f r a n  the c e n t r a l  region t o  
the  area of DOE-1 and H - 1 1 .  

3. The t r a n s m i s s i v i t i e s  nor th  and east of DOE-1 m u s t  be two t o  three 
orders of magnitude lower than  the  t r a n s m i s s i v i t i e s  of the high- 
t r a n s m i s s i v i t y  zone sou th  of H-11 i n  order t o  o b t a i n  the  observed 
head d i s t r i b u t i o n  (DOE-2, H-5, DOE-1, H - 1 1 ,  H-12). Therefore, it 
is not poss ib l e  t o  increase  the t r a n s m i s s i v i t i e s  no r th  of DOE-1 

s i g n i f i c a n t l y  ( e .g . ,  i n  order t o  br ing  more high-densi ty  water i n t o  
t h e  area of DOE-1 and H - 1 1 )  without i nc reas ing  t h e  t r a n s m i s s i v i t i e s  
of the high-transmissivi ty  zone. However, the poss ib l e  range of 
the permeabi l i ty  of the high-transmissivi ty  zone is given by the 
results of the k r ig ing  a n a l y s i s ,  which shows f o r  t h e  reg ion  sou th  
of H-11 a t r a n s m i s s i v i t y  of about 4 x m 2 / s  (F igure  3.7) and 
es t imat ion  e r r o r s  of about 1.3 on the  l o g  scale. Using +2a0 as the 

confidence i n t e r v a l  (95% confidence l e v e l ) ,  the  possible transmis- 
s i v i t i e s  range f r m  1 x t o  1.5 x m2/s. Thus, t he  

irnplgnented t r a n s m i s s i v i t i e s  of the h igh- t ransmiss iv i ty  zone 
( 2  x lo-' m2/s) are already s i g n i f i c a n t l y  h igher  t han  would be 

estimated by t h e  kr ig ing  a n a l y s i s ,  a l t b u g h  t h e y  are s t i l l  well 
wi th in  the  95% confidence i n t e r v a l .  However, it was f e l t  t h a t  the  

t r a n s m i s s i v i t i e s  s b u l d  not be increased  much more w i t b u t  having 
add i t iona l  evidence f o r  the ex i s t ence  of such  a very high transmis- 
s i v i t y  zone i n  the southern part of the model area. Consequently, 
t h e  t r a n s m i s s i v i t y  i n  the  area between WIPP-12, H - 3 ,  P-18, and 
DOE-1 cannot be changed s i g n i f i c a n t l y .  
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4.  The exact pos i t i on  of the  high-transmissivi ty  zone i n  the southern 
model area can be varied.  However, moving it t o  the  east directs 
the  lm-density ground-water f l m  coming fran the  c e n t r a l  area 
(H-1, 11-2, and H-3) more t o  the east causing t h e  d e n s i t i e s  t o  be 
t o o  l c w  at DOE-1 and H-11 .  Moving i t  more t o  t h e  w e s t  improves the 
dens i ty  f i t  f o r  DOE-1 and H-11 , but lowers the calculated heads at 
H-4 and P-17 too much. Thus, the pos i t i on  shown i n  F igure  4.11 is 
a canpromise between having low d e n s i t i e s  at DOE-1 and H-1 1 and low 
heads at P-17 and H-4. 

During the c a l i b r a t i o n  process,  the  high-transmissivi ty  zone w a s  
placed between H-4 and P-17 i n  order t o  inc rease  the calculated 
formation-f luid dens i ty  a t  P-17 (Figure 4 . 1 6 ) .  The bes t  f i t  t o  t h e  
observed v a l u e s  that  could be obtained with this v a r i a t i o n  is shown 
i n  Figures 4.17 through 4.20. A s  these f i g u r e s  s b w ,  i t  was pos- 
s i b l e  t o  direct t h e  low-density ground water more t o  t h e  w e s t ,  but 
not enough t o  reach an acceptable  agreement between the  calculated 
and t h e  observed d e n s i t i e s  a t  P-17. The calculated heads a t  11-11 

and DOE-1 are too h igh ,  because the  high-transmissivi ty  zone is too 
f a r  away. I n  add i t ion ,  the calculated heads a t  11-4 and P-17 are 
too  l m ,  because the  high-transmissivi ty  zone drains t o o  much water 
fran that area. Even the general head d i s t r i b u t i o n  (Figure 4 . 1 7 )  

is less cons is ten t  wi th  t he  ohserved pa t t e rn  (Figure 4 . 9 )  than  the 

head d i s t r i b u t i o n  (Figure 4.1 2 )  r e s u l t i n g  frcm pos i t i on ing  the  

high-transmissivi ty  zone east of P-17. Because there is apparent ly  
no way t o  obta in  a good ove ra l l  agreement between calculated and 
o k e r v e d  f restwater heads w i t h  the  high-transmissivi ty  zone placed 
between H-4 and P-17,  t h i s  conceptual izat ion w a s  not pursued 
fur ther  during the c a l i b r a t i o n  process.  

A s  a consequence, there does not appear to  be any p o s s i b i l i t y  of 
changing s i g n i f i c a n t l y  the general f lw  f i e l d  shown i n  F igure  4 .12  

w i t h o u t  s a c r i f i c i n g  the  consistency between calculated and observed 
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heads and d e n s i t i e s .  Therefore,  i t  is  not poss ib l e  t o  o b t a i n  a good 
agreement between the calculated and t h e  observed formation f l u i d  
densit ies at P-17 w i t h  t h e  given model conceptual izat ion.  There are two 
poss ib le  explana t ions  f o r  t h i s  dens i ty  inconsis tency.  

1 .  

2. 

The o b e r v e d  dens i ty  a t  P-17 may not be r ep resen ta t ive  fo r  the 

borehole l o c a t i o n  (see also previous s e c t i o n ) .  T h i s  quest ion can 
be only  answered by a d d i t i o n a l ,  c a r e f u l l y  monitored, long-term 
production tests a t  P-17. 

The observed high d e n s i t i e s  at P-17 may be a local phenomenon 
caused by v e r t i c a l  ground-water flaw (e.g . , fran t h e  Rustler-Salad0 
contac t  residuun through t h e  unnamed lmer member of the Rustler 
Formation) i n t o  t he  Culebra dolomite. This p o s s i b i l i t y  was fur ther  

inves t iga t ed  by conducting a s e n s i t i v i t y  a n a l y s i s  mncerning 
v e r t i c a l  f l u x  (see Chapter 6 ) .  

Because there is apparent ly  no immediate way t o  s o l v e  the  p r o b l m  with 

the d e n s i t y  a t  P-17, the  inconsis tency w a s  l e f t  dur ing  the  r m a i n d e r  of 
the  modeling s t u d y ,  except for  the s e n s i t i v i t y  a n a l y s i s  mentioned above. 

A similar problem e x i s t s  wi th  t he  formation-water d e n s i t y  a t  H-6. The 
observed value is about 1 . 0 4  g/m3. A s  already discussed, the  boreholes 
sou th  of H-6 show lower formation-water densit ies.  With the simulated 
f l c n  f i e l d  i t  is d i f f i c u l t  to  ob ta in  t h i s  kind of spatial dens i ty  

d i s t r i b u t i o n .  A s  described i n  the previous s e c t i o n ,  an acceptab le  
agreement between calculated and observed d e n s i t y  values  w a s  obtained by 

ass igning  genera l ly  low d e n s i t i e s  t o  the  nor thern  model boundary, except 
d i r e c t l y  no r th  of H-6. I t  w a s  a l ready mentioned t h a t  t h i s  heterogeneous 
boundary condi t ion  o n l y  t r a n s f e r s  t he  problan t o  the  o u t s i d e  of t h e  

model area but does not expla in  the apparent hydrogeologic phenomenon. 
Again, one possible explanat ion might be t h e  occurrence of v e r t i c a l  f l u x  
i n t o  t he  Culebra dolanite,  either f rm above or belm, causing a spatial 

d e n s i t y  d i s t r i b u t i o n  that  cannot be explained by hor izonta l  f l u x  o n l y .  
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Hydropad H-3 is the second location within the density-calibrated 
steady-state model where the difference between the calculated and the 

observed formation-water densities exceeds 0.01 g/cm3 (Figure 4.15). 
The observed density is 1.04 g/cm3 while the calculated one is about 
1.02 g/cm3. The low calculated densities are mainly a r e s u l t  of the 
southeast-directed ground-water flow i n  the central  region (H-1, H-2, 
and H-3). This flow direction depends on the local spa t i a l  t r a n s m i s -  
s i v i t y  distribution. Locally changing the transmissivities results i n  
different  calculated densities at H-3. Because the transmissivities i n  
the central  region are the f i t t ing parameters for  the future calibration 
during the transient modeling, and therefore subject t o  changes, it was 
not attempted t o  improve the density fit a t  H-3 during the calibration 
against the observed formation-water densities. 

Tne third borehole where the difference between the observed and the 

calculated formation-water densities exceeds 0.01 g/cm3 is COE.1 

(Figure 4.15). There the observed value is  1.090 g/m3 while the 

density-calibrated model calculated density is 1.074 g/cm3. Similar t o  
H-3, the density at  DOE-1 depends strongly on the local transmissivity 
dis t r ibut ion i n  the central model area (shaft location, H-1, H-2, and 

€3-3). Because this area w i l l  be subject t o  changes during the 

calibration against the transient data and, more important, because the 
observed density value of COE-1 may not be representative of the 

formation-water a t  that location (Appendix E ) ,  improving the f i t  at 
COE-1 w a s  not attempted. 

4.7 S m r y  of the Steady-State Modeling 

Starting with the I n i t i a l  kriged transmissivities and the i n i t i a l  
boundary conditions, the steady-state model w a s  step-wise calibrated 

against the best estimate of the undisturbed freshwater heads and the 

observed long-term formation-water densities. 
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Canpared w i t h  the kr iged  i n i t i a l  t r ansmiss iv i ty  d i s t r i b u t i o n ,  the  

r e s u l t i n g  t r ansmiss iv i ty  d i s t r i b u t i o n  (Figure 4.11) of the densi ty-  
calibrated steady-state model is charac te r ized  by a h igh- t ransmiss iv i ty  
zone ( T  = 2 x m2/s) between H-11 and t h e  southern  model boundary. 
T h i s  h igh- t ransmiss iv i ty  zone is necessary i n  order t o  ob ta in  the 
observed r e l a t i v e l y  low freshdater heads a t  H-11 and WE-1. P lac ing  it 
between H-4 and P-17 does not result i n  a satisfactory a g r e m e n t  between 
the calculated and the  observed freshwater heads. 

The d i f f e rence  between the calculated and observed freshwater heads 

(Figure 4.13) is less than 1 . 1  m fo r  all well locations and less than  
1 m i n  genera l .  Taking i n t o  account the unce r t a in ty  associated w i t h  the 

observed freshwater heads, the  c a l i b r a t i o n  of t he  steady-state model can 
be considered satisfactory.  

The pressurecal ibrated steady-state model was used t o  i n v e s t i g a t e  the 

s e n s i t i v i t y  of the  model t o  changes i n  d i s p e r s i v i t y .  A systematic 
parameter v a r i a t i o n  w i t h  the longi tudina l  and t r a n s v e r s e  d i spe r s iv i t i e s  
demonstrated tha t  the  steady-state model is i n s e n s i t i v e  t o  changes i n  
di spersi vi t y . 

The d i f f e rence  between the o b e r v e d  and calculated format ion- f lu id  
d e n s i t i e s  (Figure 4.13) is genera l ly  less t han  0.01 g/cm3, i . e . ,  
sufficient.  A large inconsis tency (-0.040 g/an2) exists between the 
observed and the calculated d e n s i t i e s  at P-17. I t  w a s  not possible t o  
r econc i l e  the  model at P-17 wi tn  t h e  e x i s t i n g  data. Poss ib l e  reasons 
are ( 1 )  the  measured d e n s i t y  value of P-17 is not r e p r e s e n t a t i v e  f o r  t h e  

formation f l u i d  i n  the Culebra dolomite at that l o c a t i o n  o r  (2) the  

measured dens i ty  value represents  a rather local phenanenon poss ib ly  

caused by v e r t i c a l  f l u x  fran either above o r  belcw the  Culebra dolmite. 
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A second inconsis tency between calculated and observed densi t ies  
(-0.021 &an3) ranaim a t  H-3 .  Because the calculated dens i ty  a t  H - 3  
depends s t rong ly  on the l o c a l  t ransmiss iv i ty  d i s t r i b u t i o n  which w i l l  be 

changed dur ing  f u t u r e  c a l i b r a t i o n  against t h e  t r a n s i e n t  data, it w a s  not 
attempted t o  improve t h e  steady-state dens i ty  c a l i b r a t i o n  at H-3. A t  

WE-1, a d i f fe rence  between ca lcu la ted  and observed d e n s i t i e s  of 
-0.016 g/m3 was not e l iminated,  mainly because the  observed value may 
not be r ep resen ta t ive  f o r  t h e  formation water at that  l o c a t i o n .  
Hawever, given the cons t r a in t s  of the  model conceptua l iza t ion  and t h e  

accuracy of the f i e l d  d a t a ,  t h e  s t eady- s t a t e  model can be considered t o  
be calibrated aga ins t  the observed formation-water d e n s i t i e s .  
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5.0 SIMJLATION OF TRANSIENT FLOW RESULTING FROM SHAFT ACTIVITIES AND 

WELL TESTS 

The o r i g i n a l  scope of the modeling s tudy w a s  t o  eva lua te  on ly  the H-3 
multipad punping test, i . e . ,  t o  simulate the t r a n s i e n t  behavior of t h e  

Culebra d o l a n i t e  i n  response t o  t h i s  test. Hawever, dur ing  t h e  

prepara t ion  of the  data base and the developnent of t h e  modeling approach, 
i t  became obvious t h a t  t h e  hydraul ic  condi t ions i n  the Culebra d o l a n i t e  
have been inf luenced by d r i l l i n g  and t e s t i n g  a c t i v i t i e s  at t h e  s h a f t s  and 
the well locations s i n c e  1981 (Sec t ion  3.6.2) .  Consequently, i t  w a s  not 
poss ib l e  t o  simulate real is t ical ly  the Ii-3 multipad punping test by s i n p l y  
assuning undis turbed hydraulic condi t ions at the beginning of the  test. 
It w a s  necessary t o  implgnent the  major d i s tu rb ing  events  ( i . e . ,  sha f t  

a c t i v i t i e s  and well tests) i n  order  t o  ob ta in  i n i t i a l  hydraul ic  condi t ions 
that are rep resen ta t ive  of the hydraul ic  s i t u a t i o n  i n  t h e  Culebra dolomite 
at the beginning of the  H-3 multipad pumping test .  

The i m p l a e n t a t i o n  and s imulat ion of the shaf t  a c t i v i t i e s  and the  well 
tests that are considered t o  be important ,  as well as tile s imula t ion  of 
t h e  H-3 multipad pumping test, are discussed i n  t h e  fo l lowing  sections. 

5. I Implementation of Shaft  Activit ies 

A s  a l ready  discussed i n  Sec t ion  3.6.2,  the  hydrogeology of the  Culebra 
dolanite has been inf luenced by d r i l l i n g  and excavat ing three shaf ts  

(was tehand l ing  s h a f t ,  construct ion and sa l t -handl ing  s h a f t ,  and exhaust  
shaft) at the  cen te r  of the  WIPP si te.  These shaft a c t i v i t i e s  have been 
by far  t h e  m o s t  important hydrologic dis turbance at t h e  WIPP s i te  s i n c e  
1981, r e s u l t i n g  i n  changes of more than 10 m i n  the piezometric surface 
at the c e n t r a l  part of t he  WIPP s i t e  (Sect ion 3 .6 .2) .  
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5.1.1 The E a r l y  Shaf t  His tory  

The first shaft excavated w a s  the cons t ruc t ion  and sa l t -handl ing  
s h a f t ,  formerly called the explora tory  sha f t  (Appendix F ) .  A detailed 

h i s t o r y  of t h e  s h a f t  construct ion w a s  reported by Fenix and Scisson 
(1982). T h i s  h i s t o r y  w a s  used by Stevens and Ekyeler (1985) t o  model 
the effect of the  shaft d r i l l i n g  and shaft completion on the 

hydrologic response at the  H-1, H-2, and H-3 wells i n  both the  Magenta 
and the Culebra Dolani te  Mmbers of the Rustler Formation. As 

demonstrated by Stevens and Beyeler (19851, t h e  effect of the 
exploratory-shaf t construct ion on the pressures i n  the  Culebra 

dolomite w a s  s i g n i f i c a n t  at  the well l o c a t i o n s  H-1 ,  H-2, and H-3 .  

A synopsis of d r i l l i n g  and construct ion events re levant  t o  this s tudy  
is sunmarized 

04 J u l y  81 

04 August 81 

09 August 81 

15 August 81 

below (modified after Stevens and Beyeler, 1985): 

: S t a r t  of reverse-rotary d r i l l i n g  w i t h  3.68-m 
dianeter. Land-surface e l eva t ion  is about 
1039.4 m a.s.1. 

: Dri l l ed  i n t o  t h e  t o p  of t he  Culebra dolomite 
(Figure 5 .1 ) .  

: Drilled through t h e  bottan of the Culebra do lan i t e .  
The d r i l l i n g - f l u i d  level i n  t h e  s h a f t  f e l l  below the 

bottan of the  Magenta dolanite (about 847.4 m 
a.s.1.). 
Culebra do lan i t e  (center  at 822 m a.s.1.) f e l l  belaw 

350 k P a .  

Consequently, t h e  f l u i d  pressure  i n  t he  

: Dri l l i ng - f lu id  l e v e l  i n  the  shaft f e l l  belm the  

bot tan of the Culebra dolomite; subsequent ly ,  
ground-water f l m  f r a n  the  Culebra dolanite i n t o  t h e  
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shaf t  w a s  un res t r i c t ed  and the Culebra d o l a n i t e  w a s  
exposed to  aLmxpheric pressure (about 101 kPa)  . 

24 October 81 : D r i l l i n g  stopped 701 rn belm land  surface; the bore- 
hole was f i l l e d  wi th  b r ine  t o  about 77 m below land  
surface (962 m a.s.1.). The b r i n e  d e n s i t y  was not 
reported. Stevens and Beyeler (1985) estimated the  

r a t i o  of t he  dens i ty  of the b r i n e  t o  the  d e n s i t y  of 
t h e  formation f l u i d  t o  be about 1.3. The formation- 
f l u i d  dens i ty  at t'he shaft l o c a t i o n  is not  exac t ly  
known, but l i k e l y  t o  be between 1.02 &an2 (e .g . ,  at 
the well H-1)  and 1.04 g/m (e.g., at H - 3  or DOE-2). 

Consequently, i t  can be assuned that  the d e n s i t y  of 
the b r ine  w a s  about 1 .3  g/cm3, which is  rather 
high. Using t h i s  d e n s i t y ,  the  pressure at t h e  

center  of the Culebra dolmite can be calculated t o  
be 1886 kPa.  The corresponding equ iva len t  fresh- 

water head equals 1004.0 rn a.s.1. 

25 October 81 : Brine w a s  cont inua l ly  added t o  the shaf t .  The 
t o  d r i l l i n g  f l u i d  l e v e l ,  which w a s  occas iona l ly  

r epor t ed ,  rose about 35 m over  the time period. 
It is l i k e l y  that  a considerable amount of b r i n e  
invaded the  Culebra do lan i t e  du r ing  that  time 
period. 

15 November 81 

16 November 81: The d r i l l i n g  f l u i d  l e v e l  i n  t he  shaft was at about 
997.2 m a .s . l . ,  r e s u l t i n g  i n  a pressure of about 
2334 kPa a t  t h e  center  of the Culebra d o l a n i t e  
(assuning 1.30 g/m3 as br ine  d e n s i t y ) .  
corresponds t o  an equivalent  f resmater head of 
1049.7 m a.s.1. 

This  
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16 November? 81 : 
t o  

03 December 81 

04 December 81 : 

t o  
06 December 81 

The casing w a s  lowered i n t o  t h e  shaft. Stevens and 
Beyeler (1985) assuned that  the b r ine  either over- 
f lmed t h e  borehole whi le  the cas ing  was being 
lowered or  the br ine  l e v e l  w a s  at ground l e v e l .  
This  assunption results i n  a ca l cu la t ed  formation 
pressure i n  t h e  Culebra dolanite of 2873 kPa  or an 
equivalent  f r e s lwa te r  head of 1104.6 m a.s.1. 

Beginning December 4 ,  t h e  annular  space between the 

casing and t h e  shaft w a l l  w a s  cemented. Stevens and 
Beyeler (1985) again made the  a s s m p t i o n  t h a t  the 

b r i n e  i n  the  shaft  w a s  either overflowing on to  the 

l and  surface o r  was at l and  su r face .  Thus it can be 

assuned that t h e  formation pressure  i n  t h e  Culebra 

dolanite w a s  about the  same as during the cas ing  
i n s t a l l a t i o n .  On December 6 ,  t h e  cement-sealing 
opera t ion  ended. 

Thus, t he  e a r l y  shaft history comprises the time per iod  f r a n  J u l y  

1981 through December 1981. The effects of the a c t i v i t i e s  at the 

explora tory  shaft during that time period on the  hydrologic 
s i t u a t i o n  at t he  locations of H - 1 ,  H-2 ,  and Ii-3 can be seen  i n  the  

corresponding diagrams i n  Appendix D (Figures D . l ,  D.2, and D.3). 
A l l  three f i g u r e s  show a sudden decrease of the  freshwater e l eva t ion  
i n  t h e  t h i r d  quar te r  of 1981, which w a s  caused by the  first exposure 
of the Culebra do lan i t e  t o  atmmpheric pressure.  The peak 

e l eva t ion ,  caused by f i l l i n g  t h e  explora tory  shaft w i t h  b r ine  i n  
December 1981, is also clearly shown on all three diagrams. The 

subsequent decrease of the  f resfwater e leva t ions  i n  1982 reflects 
t h e  end of t h e  inf luence  by the  explora tory  s h a f t  and t h e  expmure  
of t he  Culebra dolanite t o  atmospheric pressure at the v e n t i l a t i o n  
s h a f t  (Sec t ion  5.1.2). Although the above-discussed early s h a f t  

a c t i v i t i e s  d i d  not s i g n i f i c a n t l y  inf luence the hydrologic s i t u a t i o n  
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i n  the Culebra do lan i t e  i n  1985, t h e y  were incorporated i n t o  t h e  

simulations because their effects represent  an e x c e l l e n t  test of t h e  

behavior of the  t r a n s i e n t  model. The effect of the  shaf ts  over the 

total  period of 1981 t o  1985, however, d id  have a pronounced 
inf luence on the  pressure d i s t r i b u t i o n  i n  the Culebra at t h e  start 
of the H-3  mult ipad test i n  1985. 

5.1.2 The Open-Shaft Period 

The d r i l l i n g  of the v e n t i l a t i o n  shaft (1.83-in d i ame te r ) ,  which w a s  
widened two years la ter  and renamed t h e  was tehand l ing  s h a f t  (5.8-m 
diameter), w a s  started i n  December 1981 and completed i n  February 
1982. Dr i l l i ng - f lu id - l eve l  data fran t h i s  time period were not 
available. Therefore, i t  w a s  assuned t h a t ,  s i m i l a r  t o  the d r i l l i n g  
of the explora tory  sha f t  (Sect ion 5.1.11, the  d r i l l i n g - f l u i d  l e v e l  
f e l l  belaw the  Culebra d o l a n i t e  on January 15, 1982. Subsequently,  
the ground-water flow fran the Culebra dolomite i n t o  t h e  s h a f t  w a s  
unrestricted, i . e . ,  t he  Culebra dolanite w a s  again exposed t o  
atmaspheric pressure. The v e n t i l a t i o n  s h a f t  renained open and 

dra in ing  p r i o r  t o  excavation as the w a s t e h a n d l i n g  sha f t  between 
November 1983 and August 1984. 

The t h i r d  of the  three shafts, the exhaust shaft, w a s  s ta r ted  as a 
7-7/8-inch p i l o t  hole  i n  October 1983. It  w a s  d r i l l e d  out  t o  an 
11-inch diameter i n  December 1983. The shaft w a s  then raise-bored 
t o  1.83-m diameter from December 1983 t o  February 1984. Although 
the l i n e r  plate at the e l eva t ion  of the Culebra d o l a n i t e  w a s  grouted 
during sha f t  cons t ruc t ion  i n  Decenber 1984, considerable seepage 
through the l i n i n g  w a s  observed (more than  1 l i t e r / m i n ;  details  see 
Appendix F ) .  An add i t iona l  grout ing and s e a l i n g  of t he  Culebra 
do lan i t e  w a s  conducted i n  June and July 1985. The exac t  date fo r  
which t h e  s e a l i n g  of t he  Culebra dolomite was effective is not 
known. Based on the recorded pressures at the waste-handling s h a f t  
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(Appendix F,  Figure F . 2 1 ,  i t  w a s  assuned for  modeling purposes tha t  

the  Culebra dolomite at the exhaust s h a f t  w a s  sealed on J u l y  15,  
1985. A t  the scale of the  model, the three shafts can be considered 
t o  be a s i n g l e  hydrologic f a c t o r  i n  the  model. Consequently, i t  was 
assuned fo r  the  modeling s tudy  that the Culebra dolanite w a s  exposed 
t o  atmospheric pressure from January 15, 1982 through J u l y  15, 1985. 
During t h i s  time period,  t h e  ground-water f lw fran the Culebra 

dolomite i n t o  a t  least one of the shaf t s  w a s  assuned t o  be 
unres t  ri ct ed . 

The drawdown at the  well locations H - 1 ,  H-2, and H-3 caused by the 

open s h a f t s  can be seen i n  t h e  corresponding diagrms i n  Appendix D 

(Figures D . l ,  D.2, and D.3). Subsequent t o  s p r i n g  1983, the 

drawdown at these  wells w a s  d i s t u r b e d  by other a c t i v i t i e s  ( e .g . ,  
pumping tests). Therefore, the  long-term drawdown caused by the 

open sha f t  can only be estimated. The drawdown can be estimated t o  
be about 1 4  m at H-1, about 4 m at H-2, and about 2.8 m at H-3. 

The recorded data of H-4 ,  H-5, H-6, P-15, and P-17 (Appendix D ,  

Figures D . 4 ,  D.5, D. 6,  D.  16, D. 17) do not s b w  a clear response t o  
the construct ion work at  the s h a f t s ,  pa r t ly  because their  water 
l e v e l s  were d i s t u r b e d  by o ther  factors. It was assuned that t h e  

effect of t he  open shaf t s  at these well locations was less than  1 m .  

No water-level data f o r  t h e  time period before 1984 were a v a i l a b l e  
f o r  the loca t ions  of DOE-1, H-11 , WIPP-18, WIPP-19, WIPP-21 , and 

WIPP-22. Therefore, i t  is not possible t o  estimate the effect of 
the sha f t  cons t ruc t ion  on the formation pressures at these  
locations. 
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5.1 3 The Shaft  Leakage After Shaft Sea l ing  

As mentioned before, t h e  last of t h e  three s h a f t s  ( i . e . ,  the exhaust 
shaft) w a s  l i n e d  and sealed i n  J u l y  1985. Hwever ,  t h e  s e a l i n g  i n  
all three s h a f t s  is not f u l l y  effective, al lowing formation water 
fran the Culebra t o  leak through the shaft seals (Appendix D and F ) .  
Pressure t ransducers  monitor t h e  formation pressure behind t h e  s h a f t  

s e a l i n g .  Both the observed leakage and the measured formation 
pressures i n d i c a t e  that t h e  Culebra dolomite d i d  not r e t u r n  t o  its 
undis turbed hydrologic  s i t u a t i o n  but is developing a new hydrologic 
e q u i l i b r i u n ,  with a formation-pressure drawdown m n e  around the 

shaft l o c a t i o n .  The depth and the  s i z e  of the n w  drawdown m n e  
w i l l  be governed by the long-term pressure at t h e  s h a f t  l o c a t i o n  and 

the  r ana in i  ng leakage rates. 

Thus, at t he  beginning of the  H-3 mult ipad pumping test i n  October 
1985, the  hydrologic s i t u a t i o n  of t h e  Culebra a q u i f e r  w a s  sanewhere 
between the s i t u a t i o n  i n  the f i rs t  half of 1985, which is character- 
ized by a Culebra dolomite which has been exposed t o  atmospheric 
pressure for  4 yea r s ,  and a nw hydrologic e q u i l i b r i u n  def ined by 

the  remaining shaf t  leakage (Sect ion 3.6.2).  

The e x i s t i n g  data (Appendix D) i n d i c a t e  tha t  the Culebra freshdater 
e l eva t ion  at the  s h a f t  l oca t ion  between J u l y  1985 and October 1985 
w a s  somewhere between 885 and 900 m a.s.1. There are no docunented 
rneasuranents of t h e  total  s h a f t  leakage f o r  t h a t  time period. Leak- 
rate measurements taken i n  the waste-handling shaft i n  1986 range 
between 0.5 and 2 Urnin. For t h e  f i r s t  t r a n s i e n t  simulations, a 
total  leak rate (for all three s h a f t s )  of 2 l /min w a s  assuned for  
the sealed but  l eak ing  s h a f t s .  
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5.1.4 Implementation of the  Shaf t  History 

I n  order t o  simulate t h e  shaf t  his tory ou t l ined  i n  the previous 
s e c t i o n s ,  a s inWsource at the  shaft l o c a t i o n  w a s  included i n  the  

model. Technical ly  t h i s  w a s  done by placing a punping/injection 
well i n  the gr id  block that  corresponds t o  t he  l o c a t i o n  of the three 
shaf ts .  The early sha f t  history (Sect ion 5.1.1) and t h e  open-shaft 
period (Sect ion 5.1.2)  were simulated using the pressure-control led 
mode of t h e  wellbore sutmodel (Reeves et al., 1986a). Using this 

model opt ion ,  the  t r a n s i e n t  pressures at t h e  shaft l o c a t i o n  during 
that time period were prescribed. The corresponding leak or 
i n j e c t i o n  rate w a s  autanatically ad jus ted  by SWIFT I1 during the 

s imulat ion so  t h a t  t h e  prescribed pressures  were maintained at the 

grid-block cen te r .  

For t h e  s imula t ion  of the sealed but leak ing  shafts (Sec t ion  5.1.31, 
t h e  ra te -cont ro l led  mode of t h e  wellbore sutmodel (Reeves et al., 
1986a) w a s  used. As discussed i n  Sec t ion  5.1.3, an estimated leak 

rate of 2 l /min w a s  used. This  leak rate w a s  modified later i n  the 

modeling s t u d y  i n  order  t o  f i t  the calculated p res su res  t o  the  

observed data (Sect ion 5 .5) .  

5.2 Implementation of Well T e s t s  

Since 1981, the  hydrogeology af the Culebra dolanite has not only been 
disturbed by the  s h a f t  a c t i v i t i e s  d iscussed  i n  the previous sec t ion  but 
also by numerous well tests.  Important fo r  t h e  hydraulic s i t u a t i o n  i n  
the c e n t r a l  part of the  model area were t h e  tests performed a t  H-2 ,  H-3, 
and H-4. Consequently, the tests on these wells or hydropads that were 
considered t o  be re levant  and f o r  which s u f f i c i e n t  data were a v a i l a b l e  
were implenented i n  the  model. 
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I n  t h e  f o l l m i n g  s e c t i o n s ,  the tests which meet t h e  above-mentioned 
cri teria are b r i e f l y  descr ibed and their implementation discussed. 

5.2.1 W e l l  T e s t s  at the H-2 Hydropad 

The test his tory of the H-2 hydropad is rather canpl ica ted  
(Appendix D ,  Figure D.2), cons i s t ing  of a nunber of s l u g ,  pumping, and 
tracer tests. However, f o r  this modeling s t u d y ,  on ly  tests conducted 
s i n c e  1981 were considered, mainly because earlier tests are not 
l i k e l y  t o  have an in f luence  on the hydrologic  s i t u a t i o n  i n  the Culebra 
dolanite i n  1985 or 1986. 

Based on unpublished information (test f i e l d  notebooks Sy Hydro Geo 

Chen and INTERA Technologies, Inc . )  , t h e  fol lowing major tests have 
been conducted at the  H-2 hydropad s i n c e  1981 : 

c- 

0 a punping test at  H-2b2 (October 13-16, 1983) wi th  an average 
pumping rate of 1.47 l /min ( ca l cu la t ed  for  a 36-hour pumping 
period ) ; 

0 a second punping test at H-2b2 (November 8-17, 1983) w i t h  an 
average punping rate of 1.07 l/min; 

0 b a i l i n g  at H-2b1, H-2b2, and H-2c between June 7 ,  1984 and July 2, 
1984. The volunes of ground water renoved from the d i f f e r e n t  
boreholes during t h e  d i f f e r e n t  tests totaled about 8100 1. T h i s  

corresponds t o  an average production rate of 0.23 Urnin dur ing  
that time period; 

0 a t h i r d  pumping t e t  at  H-2b2 ( J u l y  17 - August 2, 1984). During 
eight punping per iods ,  about 2600 1 were removed frcm that bore- 
hole. This corresponds to  an average pumping rate of 0.11 l/min 
dur ing  the  time period. 

H09700R128 
5-9 



Nunerous addi t iona l  tests or similar activities were performed s i n c e  
1981, but because they  d i d  not last more than 3 or 4 days, they  were 
not  considered t o  be important enough t o  be implemented i n t o  the 

model. Also, r e c i r c u l a t i o n  tracer tests performed at the  WIPP site 
were not considered, because these tests do not represent  a ne t  
removal of ground water fran t h e  Culebra. 

The well h i s t o r y  at t h e  H-2 hydropad w a s  complicated by d r i l l i n g  
a c t i v i t i e s  (e.g., H-2b2 i n  s m e r  19831, well recondi t ioning (e .g . ,  
all wells at the H-2 hydropad i n  winter  1983/1984), packer movements 
and transducer i n s t a l l a t i o n s  (e .g . ,  H-2bl i n  J u l y  1984). S u f f i c i e n t  
data on these a c t i v i t i e s  were not ava i l ab le  t o  al low incorpora t ion  of 
them i n t o  the model. Thus, only t h e  f o u r  tests ou t l ined  above were 
implemented i n t o  the model using the  SWIFT I1 wellbore sutmodel (rate- 
cont ro l led  mode). 

5.2.2 Convergent-Flm Tracer T e s t s  at the H-3  Hydropad 

After canplet ion of the H - 3  hydropad early i n  1984, the f i r s t  major 
test conducted at that hydropad w a s  the convergent-flaw tracer test 
(Hydro Geo Chem, 1985; Kelley & Pickens, 1986). The a c t i v i t i e s  
associated w i t h  t h i s  test included well developnent, a pumping test 
designed t o  eva lua te  the  t r ansmiss iv i ty  of the Culebra dolomite at t h e  

H-3 hydropad, and t h e  pumping period corresponding t o  t h e  convergent- 
flow tracer test. The punp r a t e s  associated wi th  t h e s e  a c t i v i t i e s  are 
p lo t t ed  i n  F igure  5.2. The f i r s t  two punping periods (well d e v e l o p  
ment) were very short  and, t h e r e f o r e ,  t h e y  were not  incorporated i n t o  
the model. The first pump period l a s t e d  fran Apri l  23 through May 7 ,  
1984. An average production rate of 15 l/min w a s  used. On May 7 ,  the 

pumping rate w a s  lawered i n  order t o  prepare for the  convergent-flaw 
tracer test which had t o  be performed under regulated-flow condi t ions.  
A s  F igure  5.2 shows, a pumping rate of about 11 .4  l /min w a s  maintained 
between May 7 and June 3, 1984. During t h e  fo l lowing  days ,  u n t i l  the 
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end of the test on June 12, 1984, sanewhat higher pumping rates were 
recorded. An average punping rate of 13.2 l /min w a s  selected f o r  
modeling purposes f o r  t h i s  la t ter  period. 

I n  sunnary,  the convergent-flow tracer test w a s  implemented as a 
pumping test  using 15 l /min  f o r  the time period fran Apr i l  23 t o  
May 7 ;  11 .4  l /min from May 7 t o  June 3; and 13.2 l /min from June 3 t o  
June  12, 1984. 

5.2.3 Step-Drawdown T e s t  a t  the  H-3 Hydropad 

A stepdrawdown test w a s  performed at t h e  H-3 h y d r o p d  between June 20 

and J u l y  10, 1985 (INTERA, 1986). Using the well H-3b2 as a pumping 
well, the punping rate w a s  stepwise increased (F igure  5 .3 )  and the 
response i n  t h e  surrounding wells recorded (Appendix D). 

A s  illustrated i n  Figure 5.3, t he  fol lowing average punping periods 
and rates were implemented: 

June 20 - June 24, 1985 : 7.75 l /min 
June  24 - June 28, 1985 : 15.0 l /min 
June 28 - J u l y  5, 1985 : 18.0 l/min 
J u l y  5 - J u l y  10, 1985 : 19.25 Urnin 

These four punping periods wi th  the corresponding punping rates were 
implemented using the ra te -cont ro l led  mode of the SWIFT I1 wellbore 
suhnodel. 

5.2.4 H-3 Multipad Pumping Test 

The punping period of the  H-3 mult ipad punping test  w a s  fran 
October 15, 1985 through Decenber 16, 1985 ( I N T E R A ,  1986).  Using the  

H-3b2 w e l l  as the pumping well ,  an average of about 18.5 l /min 
(F igure  5.4) w a s  ranoved over a time period of 62 days.  
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The H-3 multipad pumping test w a s  incorporated i n t o  t h e  model using 
t h e  ra te -cont ro l led  mode of t h e  SWIFT I1 wellbore sutmodel .  

5.2.5 Convergent-Flw Tracer T e s t  at  t he  H-4 Hydropad 

A long-term tracer test w a s  conducted at the  H-4  hydropad fran 
October 24, 1982 t o  October 15, 1984 (Hydro Geo Chern, 1985; K e l l e y  and 
P i c k e n s ,  1986). The withdrawal well w a s  H-4c. The punping rate 
during the tracer tes t  (Figure 5.5)  can be genera l ly  d iv ided  i n t o  two 
s e p a r a t e  flaw periods.  The f i r s t  flow rate started October 24, 1982 
wi th  a pumping rate of about 1 I/min and w a s  held u n t i l  June 10, 1983. 
A t  t h a t  time, the  punping rate w a s  doubled t o  2 l/min and maintained 
u n t i l  August 9, 1983. As Figure 5.5 s b w s ,  the pumping rate f luc tu -  
ated around 1.86 l/min during t h e  fol lowing months u n t i l  June 20, 

1984. S l i g h t l y  higher pumping rates, wi th  an estimated average of 
2 l /min,  were recorded from June 20, 1984 u n t i l  t h e  end of t he  tracer 
test on October 15, 1984. 

Similar  t o  the other well t e s t s ,  t he  H-4 convergent - f lw tracer tes t  
w a s  implanented i n t o  t h e  model using the  r a t e c o n t r o l l e d  mode of t h e  
SWIFT I1 wellbore sutmodel. 

5.3 Time-Step Considerations 

During the  a s s imi l a t ion  and evalua t ion  of the t r a n s i e n t  data ava i l ab le  
on t h e  Culebra heads at the  WIPP s i t e ,  i t  becane obvious that d r i l l i n g  
and excavat ing the  s h a f t s  had been by f a r  t h e  most important dis turbance 
on the hydrologic  sys t an  during recent  years (Sec t ion  5.1).  Therefore, 
i t  w a s  decided that the t r a n s i e n t  s imula t ion  i n  t h i s  modeling s tudy  
should a v e r  t h e  whole sha f t  his tory from its beginning i n  J u l y  1981 t o  
the present (fall 1986). For convenience, January 1 ,  1981 w a s  selected 
as the beginning of t he  s imulat ion time scale. 
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A s e n s i t i v i t y  a n a l y s i s  i nd ica t ed  that  the  t r a n s i e n t  behavior simulated 
by t h e  model is i n s e n s i t i v e  t o  the  l eng th  of t h e  time steps. However, 
t h e  t r a n s i e n t  r e so lu t ion  of the  s imula t ion  of each of t he  hydrologic  
d is turbances  is a direct func t ion  of the number and the l e n g t h  of the 
time steps. Taking i n t o  acmunt  t h e  l e n g t h  of time t o  be siinulated 

(more than 5 years )  and the  t r a n s i e n t  r e s o l u t i o n  of t he  observed head 

data (e .g . ,  Appendix D), i t  w a s  f e l t  that  a r e s o l u t i o n  of one day w a s  
appropr ia te .  Consequently, the  smallest time s t e p  used i n  this modeling 
s tudy  had a l e n g t h  of one day. I n  order  t o  optimize the e f f i c i e n c y  of 
the s imula t ion ,  t h e  m i n i r n u n  time s t e p  w a s  on ly  used at the beginning of 
a new a c t i v i t y ,  e.g., at the s t a r t  of a test 3r after d r i l l i n g  a shaft. 

Similar t o  the camon p r a c t i c e  of reducing monitoring frequency du r ing  a 
hydraul ic  test, the l eng th  of subsequent time steps w a s  increased  (e .g . ,  
2, 4, 8, 16 days) .  An a r b i t r a r y  maximun of 32 days w a s  chosen f o r  the  

time s t e p .  For i l l u s t r a t i o n  purposes, the  time steps employed are 
g raph ica l ly  shown toge the r  with other t ransient-s imul  a t i o n  information 
i n  Plates 1 and 3. 

5.4 Trans ien t  Simulat ion Using t h e  Density-Calibrated Steady-State 
Model 

The t r a n s i e n t  s imula t ion  of the shaft ac t iv i t ies  (Sec t ion  5.1) and the  

well tests (Sec t ion  5.2) w a s  conducted using t h e  s t e a d y - s t a t e  s o l u t i o n  
f o r  pressure  and b r ine  concentrat ion of the  density-calibrated steady- 
state model (Sec t ion  4.6) as i n i t i a l  condi t ions.  The time steps were 
implemented as discussed i n  Sec t ion  5.3. The t r a n s i e n t  results of the 

s imula t ion  are displayed i n  Plates 1 and 2 .  

A s  discussed i n  Sec t ion  5.1, 
prescr ibed pressures  at t h e  

s imula t ion  period. During 
corresponding production or  
Plate 1 .  Espec ia l ly  for  

the  shaft activit ies were modeled employing 
s h a f t  l o c a t i o n  (Plate 1 )  f o r  m o s t  of the 

the s imula t ion ,  SWIFT I1 calculated the 

i n j e c t i o n  rates which are also p l o t t e d  i n  
the early sha f t  h i s t o r y  (1981-19821, t h e  
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d i f f e r e n t  production or i n j e c t i o n  rates caused either by exposing the 

Culebra dolomite t o  atmospheric pressure or by f i l l i n g  t h e  s h a f t  with 

b r ine  can be e a s i l y  recognized. After smaer 1985, the shaft leakage 
w a s  simulated by prescr ib ing  t h e  production rate. The corresponding 
response is sl-own i n  the graph d isp lay ing  t h e  freshdater heads at t h e  

s h a f t  l oca t ion .  

A l l  the well tests were simulated using prescr ibed pumping rates 
(Sec t ion  5.21, as displayed i n  t h e  other graphs i n  Plate 1 .  

The calculated t r a n s i e n t  freshdater heads of sane of t he  well locations 
are p lo t t ed  i n  Plate 2. For canparison, t h e  observed data are also 
stmwn i n  Plate 2. I n  many cases there is a very good a g r e m e n t  between 
the calculated and the  observed data. I n  t h e  fol lowing subsec t ions ,  the  

t r a n s i e n t  response fran the shaft activit ies and the well tests are 
b r i e f l y  discussed. 

5.4.1 Simulation of E a r l y  Shaft  History 

The effects of the e a r l y  s h a f t  h i s t o r y  i n  1981 and 1982 

(Sec t ion  5.1.1) were ohserved a t  H-1 ,  H-2, and t o  a lesser exten t  at 
H-3. I n  all three wells, the  calculated f resha ter  heads follow 
c lose ly  the ohserved values.  T h i s  i nd ica t e s  tha t  the t r a n s m i s s i v i t i e s  
used between t h e  shaf t  and H - 1 ,  H-2,  and H - 3  are approximately 
correct. Because the oberved pressure response r e s u l t i n g  fran 

f i l l i n g  the sha f t  with br ine (1.30 g/an3) is very well matched by t h e  

calculated va lue ,  t he  t r a n s m i s s i v i t i e s  used can be changed on ly  i f  the 

dens i ty  of the b r ine  is also changed (see Sec t ion  5.1.1). The fact 
that the calculated drawdown at H-1 r e s u l t i n g  fran t h e  f i r s t  exposure 
of the  sha f t  t o  atmospheric pressure is sanewhat snaller than  w a s  
observed may i n d i c a t e  that the  t r ansmiss iv i ty  between H-1 and the 

s h a f t  l o c a t i o n  could be sanewhat higher.  I n  this case, a lower 
d e n s i t y  would have t o  be used for  t h e  i n j e c t e d  br ine .  
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The e a r l y  shaft h i s t o r y  l i k e l y  caused very strong head changes at the 
locations of WIPP-22 and WIPP-21 and t o  a lesser extent at WIPP-19 and 

WIPP-18. Hawever, no ohserved data exist fran these wells f o r  the 

years 1981 and 1982, because t h e  wells were not canpleted so as t o  
obtain Culebra heads prior t o  smer  1985. 

5.4.2 Simulation of the  Open-Shaft Period 

The drawdown cone caused by t h e  open shafts fran 1982 through 1985 
(Section 5.1.2) has been observed at  H-1, H-2, and t o  a lesser extent 
at H-3. In  general, the agrement between the observed and the calcu- 
lated t ransient  data is acceptable (Plate 2) .  A t  H-1 , the observed 
long-term drawdown is larger t'han the calculated one, indicating tha t  

a s l igh t ly  modified transmissivity distribution (e.g. ,  generally lower 
transmissivities north of H-1 and the shafts or higher transmissivi- 
ties between H-1 and the s h a f t )  might result i n  a better agrement 
between the ohserved and the measured transmissivit ies.  But it must 
be emphasized tha t  because of the good agrement between the calcu- 
lated and the  observed drawdown at H-3, the model transmissivit ies 
used between the sha f t  and H-3 m u s t  be approximately representative of 
the  real s i tuat ion.  The drawdown caused by the open shafts would also 
have been observed at t h e  wells WIPP-21, WIPP-22, WIPP-19, and WIPP-18 
i f  they had been remmpleted i n  the  Culebra before 1985. 

5.4.3 Simulation of the Shaft  Leakage After Shaft  Sealing 

The seal ing of the last shaft (exhaust shaft) i n  sunmer 1985 (Section 
5.1.3) reduced considerably t h e  ground-water flow fran the  Culebra 
dolanite i n t o  t h e  shafts (Plate 1 ) .  The freshwater-head increase can 
be seen i n  the  corresponding graph for the  s h a f t  location (Plate 1 )  
and i n  the  graph of H-1 (Plate 2 ) .  The seal ing can a l so  be recogpized 
at  H-2 and H-3 (Plate 2),  but the pressure recovery is canplicated by 

the recovery f ran  the H-3 Step-drakJdOWn test. I t  is l i k e l y  tha t  the  
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recovery could have been observed a t  the WIPP wells north of the shaft  
locations i f  these wells had not been undergoing recanpletion and 

recovery fran the recompletion ac t iv i t ies .  In  general, the calculated 
pressure recovery seems t o  be consistent wi th  the observed va lues .  

5.4.4 Simulation of the H-2 Well T e s t s  

The well tests a t  H-2 were implemented as described i n  Section 5.2.1. 
The corresponding production rates are s b w n  i n  the corresponding 
graph of Plate 1 .  Canpared t o  the other well t e s t s ,  these t e s t s  were 
only minor hydrologic stresses on the Culebra dolanite. Thus, the 
effects of the H-2 well t e s t s  are barely visible at  other well 
locations (Plate 2 ) .  The head data for  H-2 exhibit considerable 
sca t t e r ,  apparently as a resul t  of both tes t ing a t  H-2 and ac t iv i t i e s  
a t  the shafts and other hydropads. Therefore, i t  is d i f f i cu l t  t o  
assess whether the calculated response t o  the implemented H-2 well 
t e s t s  is representative of the real  s i tuat ion or  not. 

5.4.5 Simulation of the H-3 Convergent-Flow Tracer T e s t  

The implaentation of the H-3 convergent-flcw tracer  t e s t  i s  discussed 
i n  Section 5.2.2. The corresponding production rates  are  shown i n  the 
H-3 graph of Plate 1 .  A s  Plate 2 sbws ,  the calculated and the 
observed drawdown at the H-3 hydropad are i n  good agreement. The 
convergent-flm tracer t e s t  probably caused a drawdown a t  H-1 and H-2, 
but the response is dis turbed  by other fac tors ,  i .e . ,  it cannot be 
identified i n  the oberved data. A small drawdown is observable a t  
H-11 and DOE-1. A t  DOE-1, the calculated freshwater heads agree well 
wi th  the observed data. A t  H-11 the heads are influenced by a test 
conducted at  the H-11  hydropad (which was not simulated). 
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5.4.6 Simulation of the  H-3 Step-Drawdown T e s t  

The H - 3  stepdrawdown test w a s  implenented as described i n  
Sec t ion  5.2.3. The corresponding production rates are shown i n  Plate 
1 .  A s  Plate 2 shows, the calculated and tile observed drawdown at the 

H-3 hydropad are i n  good a g r e m e n t ,  al though the calculated recovery 
is faster than  the  observed one. Due t o  lack of data, the  response 
fran the  stepdrawdown t e s t  is not v i s i b l e  at H-1 and H-2. A s  wi th  

the convergent-flow tracer t e s t ,  t h e  stepdrawdown test caused small 

responses at DOE-1 and H - 1 1 .  I n  both wells, the calculated and 
observed responses are i n  very good agreement. T h i s  i n d i c a t e s  that 
the  t r a n s m i s s i v i t y  f i e l d  of the  model between H-3 and DOE-1 and H-11 

is reasonably r e p r e s e n t a t i v e  of t h e  real s i t u a t i o n .  

5.4.7 Simulation of the H-3 Multipad h i p i n g  T e s t  

The implementation of the  H-3 mult ipad punping test is discussed i n  
Sec t ion  5.2.4. The pumping rate is s b w n  i n  Plate 1 and the 

corresponding t r a n s i e n t  responses are shown i n  Plate 2. 

A t  the H-3 hydropad pad, the calculated drawdown is saneihat smaller 
t h a n  the one observed i n  the punping well H-3b2 ( l o w e m a t  values  of 
the H-3 hydrograph i n  Plate 2 ) .  For the s imula t ion ,  a large well 
index of 1 m 2 / s  w a s  used. Additional details on the use of the  well 
index are presented i n  Reeves et al. (1986a). D u e  t o  this high well 
index,  t h e  model does not  simulate any s k i n  effects i n  the production 
well. Fran a technical point of view, i t  would have been possible t o  
calibrate the well index a t  H-3 such that  the  calculated drawdown 
matches the observed drawdown of t he  pumping well. Hawever, because 
the punping rate a t  H - 3  is known and f i x e d ,  t he  well index beccmes a 
pure f i t t i n g  parmeter and would not provide add i t iona l  information 
about the hydrolosic system i n  the Culebra dolanite. A s  w i th  t he  two 
previous tests at t he  H-3 hydropad, the  calculated r e m v e r y  after the  
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H-3 mult ipad punping test is faster than observed. T h i s  may i n d i c a t e  
that t h e  s t o r a t i v i t y  i n  t h e  H - 3  area is sanewhat higher than  the  value 
of 2 x used i n  the model. 

The observed data at H-1 and H-2 exhibit  a drawdown and recovery i n  
response t o  t h e  H - 3  multipad test. A t  H-2 the  observed and calculated 
drawdowns have about the same magnitude, whi le  at H-1 the observed 
drawdown is considerably larger than the calculated drawdown. I n  both 

wells, the observed recovery is much slmer than the calculated 
recovery. Unfortunately,  good observed data f o r  these wells are not 
a v a i l a b l e  for the periods during the  H-3 convergent-flcx tracer test 
and the  H - 3  step-drawdown test. Therefore, i t  is not possible t o  
i d e n t i f y  whether the  disagreement between H-1 and H-2 calculated and 
observed data fran the  H - 3  multipad punping test is caused by using 
non-representative model parameters (e.g., t r a n s m i s s i v i t i e s )  or  by 

o ther  dis turbances.  

A t  H-11 and DOE-1, a response t o  the  H-3 mul t ipad  pumping test w a s  
observed. The ca lcu la ted  responses matched the observed ones very 
well. T h i s  confirms the ind ica t ion  f r a n  previous tests conducted at 
H - 3  tha t  the model transmissivi ties between H - 3  and H-1 1 and DOE-1 are 
probably r ep resen ta t ive  of the real s i t u a t i o n .  

A t  WIPP-21, and t o  a lesser degree at WIPP-22 and WIPP-19, s t r o n g  
drawdowns during the H - 3  multipad punping test and subsequent s l a  
recover ies  were observed. The d e n s i t i e s  of the  borehole f l u i d s  i n  
these boreholes during t h e  test are not well known. Therefore, i n  t he  

fol lowing d iscuss ion  o n l y  the changes i n  freshdater heads are 
considered, rather than the  absolute  freshwater heads. A comparison 
of t h e  calculated data and t h e  recorded changes i n  heads shows tha t  

much smaller responses were ca lcu la ted  by the  model. T h i s  is sanewhat 
s u r p r i s i n g  because, f o r  the model i n  genera l ,  the  agreanent between 
the ca lcu la ted  and the observed t r a n s i e n t  freshwater heads is good. 
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Hwever ,  the  disagreement between the  calculated and the observed data 
implies  tha t  either the  model t r a n s m i s s i v i t i e s  used are not at a l l  
representa t ive  of the real s i t u a t i o n  or that sane o the r  event caused 
the drawdown of WIPP-21 and the  o the r  WIPP wells t o  the  north.  
Considering that the observed drawdown at WIPP-21 is larger than that 
observed a t  H - 1 ,  rather large t r a n s m i s s i v i t i e s  would be required 
between H-3 and WIPP-21 i n  order  t o  allcrw such a response. A t  
p r e sen t ,  no data e x i s t  t o  support  such a high-transmissivi ty  feature 
between WIPP-21 and H-3. 

Similar t o  the water- level  response at WIPP-21, t ransducer  measure 
ments i n  t h e  Culebra i n  t h e  waste-handling sha f t  showed a sudden 
pressure drop dur ing  the H-3 multipad pumping test (Plate 1 ) .  The 

equiva len t  freshwater-head drawdown is more than  twice as large as the 

observed drawdown at H-1.  Hawever, t h e  model-calculated drawdown at 
t h e  waste-handling shaf t  is neg l ig ib l e .  The observed recovery at the 

shaft l o c a t i o n  is slw and l i n e a r ,  as opposed t o  the rather s t e e p  
recovery a t  H-3. A l l  t h i s  leads t o  the conclusion that  a very unusual 
t r ansmiss iv i ty  d i s t r i b u t i o n  would be requi red  t o  allw the  shafts t o  
respond as observed t o  the  H-3 rnultipad punping test. On t h e  o the r  
hand, t he  t r a n s m i s s i v i t i e s  between the shaft l o c a t i o n  and H-3 as used 
i n  t h e  model m u s t  be a t  least  approximately r ep resen ta t ive  of t he  real 
s i t u a t i o n ,  because the response at H-3 fran the e a r l y  shaft h i s t o r y  
and the open-shaft period is co r rec t ly  simulated (Sections 5.4.1 and 
5.4.2). Therefore, i t  was concluded that t h e  large drawdowns at the 

s h a f t  l o c a t i o n  and a t  WIPP-21 must be caused by sane th ing  o the r  than 
the H-3 mul t ipad  pumping tes t .  

One p o s s i b i l i t y  is that during the H-3 mul t ipad  pumping test an 
add i t iona l  leakage of ground water fran the  Culebra occurred i n  one of 
the s h a f t s ,  causing the  sudden pressure drop. This would exp la in  why 
the drawdown at the  s h a f t  is greater than at H-1. I t  could further 
expla in  why the measurments i n  the  d i f f e r e n t  shafts differ  s o  much 
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(Appendix D ,  Figure D.311,  because, assuning the  t ransducers  i n  a l l  of 

t h e  sha f t s  have good hydraul ic  connection t o  the  Culebra,  one would 
have expected similar pressure responses i n  all shafts i f  they  were 
responding only  t o  the punping at t he  H-3 hydropad. Furthermore, 
addi t iona l  leakage occurr ing  at one of the shafts would exp la in  t h e  

observed but not ca lcu la ted  response i n  WIPP-19, WIPP-21, and 

WIPP-22. F ina l ly ,  i t  could account f o r  the smaller calculated-than- 
observed drawdowns and slower observed recover ies  of H-1 and H-2.  

Therefore, t h i s  p o s s i b i l i t y  w a s  further inves t iga t ed  at a later stage 
of t h e  modeling s tudy (Sect ion 5.5). 

5.4.8 Simulation of t h e  H-4 Convergent-Flaw Tracer T e s t  

The implementation of the convergent-flow tracer test at t he  H - 4  
hydropad is discussed i n  Sec t ion  5.2.5. The implmented pumping rates 
are graphica l ly  shown i n  Plate 1 .  The calculated and the  observed 
responses at H-4 are p lo t t ed  i n  Plate 2. 

A s  Plate 2 shows, the effect of the  H-4 amvergent-flow tracer test is 
restricted t o  the H-4 hydropad because of the l a w  t r a n s m i s s i v i t i e s  i n  
t he  region of H-4. A s  the  H - 4  hydrograph i n  Plate 2 shows, the  

agreement between the  calculated and the observed freshwater heads is 
very good. This i nd ica t e s  t h a t  the  anployed model t r a n s m i s s i v i t i e s  i n  
the  area of the  H-4 hydropad are genera l ly  r ep resen ta t ive  of the real 
s i t u a t i o n  . 

5.5. Implementation and Simulation of Additional Leakage at the  Shaft 
Location 

The t r a n s i e n t  s imula t ion  of the shaft activities and well tests as 
described i n  Sec t ions  5.1 and 5.2 resulted genera l ly  i n  a good ag remen t  
between calculated and o b e r v e d  f reshater  heads at the  well locations. 
The l a r g e s t  discrepancy w a s  t h e  f a c t  that a large drawdown observed at 
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the  shaft l o c a t i o n  and the  WIPP wells nor th  of t h e  s h a f t s  during the  H-3 
mult ipad punping test w a s  not reproduced by the  model. I t  w a s  concluded 
that t h i s  drawdown w a s  not caused by the H - 3  mul t ipad  pumping tes t  but 
by an add i t iona l  removal of ground water fran t h e  Culebra dolomite 
s a n w h e r e  else, l i k e l y  i n  one of the  shafts. 

The recorded freshwater heads at t h e  sha f t  l o c a t i o n s  (Appendix D ,  

Figure 0.31) sbw a much larger pressure  drop i n  t he  w a s t e h a n d l i n g  
s h a f t  t han  i n  the cons t ruc t ion  and sa l t -handl ing  or  the  exhaust  s h a f t s .  

Therefore, it is l i k e l y  that the  pr inc ipa l  cause of the drawdown i n  the 

reg ion  of the  shaf ts  was located i n  the  waste-handling s h a f t .  

The  e x i s t i n g  records of the waste-handling s h a f t  s b w  no special 
a c t i v i t y  or any unusual phenanena f o r  the time period when the measured 
pressure  drop occurred.  Hmever,  t h e  shafts are known t o  be l eak ing  
(Appendix F) and an add i t iona l  leak could have developed i n  t h e  w a s t e -  
handl ing shaft around December 1 ,  1985. For i n s t a n c e ,  t h e  opening of an 
add i t iona l  crack i n  the  concrete  l i n e r  of t h e  sha f t  could have caused 
the  o b e r v e d  sudden and s h a r p  pressure  drop. A s  t he  recorded data s b w ,  
t h e  freshwater head at the was tehand l ing  s h a f t  ranained low f o r  about 
one month and then rose at an almost constant rate during the subsequent 
month. T h i s  l i n e a r  r e a v e r y  is very a typica l  f o r  a w e l l  when t h e  

withdrawal of ground water is  suddenly stopped. Therefore, i t  cannot be 
assuned that  the new leak w a s  closed or r epa i r ed  i n  January 1986. 
Rather, the observed recovery data i n d i c a t e  a slw and constant  
reduct ion  of the leak rate over a period of s e v e r a l  months. The 

reduct ion  could be caused by a gradual plugging of the  leakage pa th  

with,  for example, ca lc iun  carbonate or gypsun. A s  the hydrochemical 
analyses  have s b w n  (Appendix E ) ,  the  Culebra ground water appears t o  be 

saturated with respec t  t o  ca-bonate and gypsun under i n - s i t u  condi t ions .  
Ground water l eak ing  through a fissure i n  the  shaft l i n e r  is exposed t o  
a d i f f e r e n t  temperature and pressure whlch changes the hydrochemical 
e q u i l i b r i u n .  Hence, ground water saturated under formation condi t ions 
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can become oversa tura ted  whi le  seeping through a fissure i n  the s h a f t  

w a l l  and result i n  a p rec ip i t a t ion  of the  corresponding minerals .  
Observations i n  the s h a f t s  support  the theory that minerals  p r e c i p i t a t e  
fran ground water l eak ing  through f i s s u r e s  i n  t he  s h a f t  w a l l .  For 
instance, Mr. Cal le ran i  (personal communication) has reported the 

occurrence of a white, hard p r e c i p i t a t e  associated wi th  fractures i n  the 

shaft w a l l s .  T h i s  p r e c i p i t a t e  is presunably calciun carbonate,  s i n c e  
Mr. Gallerani  reported a r eac t ion  wi th  HC1 (personal c m u n i c a t i o n )  . 

Based on the  d iscuss ion  above, the fo l lud ing  working hypothesis w a s  
developed. Around Decmber 1 ,  1985, a new crack i n  the  grouted w a l l  of 
the waste-handling shaf t  w a s  opened, thus  a l lud ing  a direct pressure 
dec l ine  i n  t he  Culebra. The cause of the event is unknown, but t h e  

w a l l s  of t m n e l s  or s h a f t s  always undergo minute movements which can 
cause sepa ra t ions  i n  the l i n e r  or  i n  the grouting. During the  fol lowing 
30 days,  the  new leak ranained open causing the  observed pressure 
depression at the waste-handling s h a f t .  A smaller response can be seen 
i n  the  records of the other two s h a f t s  and the WIPP wells t o  the  n o r t h  
of the  s h a f t s  (Plate 2) .  During and subsequent t o  January 1986, the 

crack w a s  gradual ly  closed by p r e c i p i t a t i n g  minera ls  r e s u l t i n g  i n  a 
l i n e a r  pressure  increase  at t h e  sha f t  l oca t ion .  Thus,  t h e  observed 
freshwater heads at the WIPP s i t e  during and after the  H - 3  mul t ipad  

punping test are l i k e l y  t o  be t h e  result of superimposed responses t o  
two d i f f e r e n t  processes ,  i .e . ,  t h e  pumping at H-3b2 and t h e  leakage i n  
t h e  waste-handling s h a f t .  

Unfo r tma te ly ,  no quan t i t a t ive  leak-rate measuranents i n  the  shafts were 
made before January 24, 1986. However, t h e  observed data gained during 
the subsequent months (Appendix D ,  Table D . 1 )  s b w  a steady d e c l i n e  of 
t he  leak rates fran about 1.8 Urnin i n  January to  about 0.5 l /min i n  
June 1986. Thus,  the  e x i s t i n g  data are at least  cons is ten t  w i t h  the  
hypothesis ou t l i ned  above. 
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To eva lua te  t h i s  working hypothesis further, an add i t iona l  leakage w a s  
incorporated i n t o  t h e  t r a n s i e n t  model. I n  order  t o  simulate t h e  sudden 
pressure drop i n  December 1985, a prescribed pressure of about 435 kPa 

w a s  employed at t h e  s h a f t  l o c a t i o n ,  s t a r t i n g  Decanber 1 ,  1985. This  

prescribed pressure  corresponds t o  a f r e s l w a t e r  head of a b u t  856 m, 
which is cons is ten t  with the  observed data (Appendix D ,  F igure  D.31). 
Using the pressure  con t ro l l ed  mode of the SWIFT I1 wellbore subnodel ,  
t h e  necessary leak rates were ca l cu la t ed  dur ing  t h e  s imula t ion .  

To simulate the gradually dec l in ing  leak r a t e ,  the r a t e -con t ro l l ed  mode 
of the wellbore sutmodel w a s  used fran January 1 ,  1986 through 
August 15, 1986. S t a r t i n g  wi th  a p r e s c r i b e d  leakage of about 
2.95 l /min,  the  rate w a s  l i n e a r l y  reduced t o  2 l /min i n  August 1986. 
The s t a r t i n g  leak rate was found using the last model-calculated leak 

rate dur ing  the p r e s s u r e c o n t r o l l e d  s imula t ion  i n  December 1985. The 

la t ter  nunber is the same as used fo r  the  s imula t ion  of t h e  remaining 
s h a f t  l eakage  i n  t h e  f i r s t  t r a n s i e n t  model (Sec t ion  5 .4) .  After 
August 15, 1986, a constant  leak rate of 2 l h i n  w a s  u t i l i z e d .  

The prescribed and calculated l e a k  rates and freshwater heads at the  

shaft l o c a t i o n  are p l o t t e d  i n  Plate 3. A comparison w i t h  the observed 
data show that the  calculated heads at t h e  s h a f t  l o c a t i o n  follow closely 
the waste-handling shaft data. It s e a s  t o  be very d i f f i c u l t  t o  o b t a i n  
such a good ag remen t  between the  observed and the calculated data fo r  
the waste-handling shaft by means other than  those described above. The 

graph d isp lay ing  the  corresponding leak rates shows t h e  s t e a d y  dec l ine  
dur ing  1986 after the  i n i t i a l  peak i n  December 1985. A s  a l r e a d y  

mentioned, no leakage measuranents were made i n  Decanber 1985. Also, 

the measurments  made i n  1986 have t o  be associated w i t h  large poss ib l e  

errors, e.g. ,  caused by the unknown percentage of evaporat ion (for 
details see Appendix F ) .  With these unce r t a in t i e s  i n  mind, t h e  employed 
or calculated leak rates can be considered t o  be cons i s t en t  with the 

e x i s t i n g  o b e r v e d  data. 
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The ca lcu la ted  fresiwater heads at  the well l oca t ions  surrounding the  

s h a f t  are p lo t t ed  i n  Plate 4 .  A canparison with Plate 2 shows that  at 
H-1 and H-2 t h e  agreement between the  calculated and the observed f resh-  

water heads could be improved. For t h i s  canparison, it has t o  be taken 
i n t o  account that there w a s  a l ready a d i f fe rence  between the calculated 
and t h e  observed data at t h e  beginning of t h e  H-3 mult ipad punping test. 
Therefore ,  the  head changes rather than the  absolu te  head values s b u l d  

be considered. Although the agrement  at H-1 and H-2 is not yet 
p e r f e c t ,  i t  ind ica t e s  that implmenta t ion  of an add i t iona l  shaf t  leakage 
w a s  a s t e p  i n  t h e  r igh t  d i r e c t i o n ,  l eav ing  roan f o r  f u r t h e r  improvements 
by modifying s l i g h t l y  t he  t r a n s m i s s i v i t i e s  or the s t o r a t i v i t i e s .  

A t  t he  WIPP wells nor th  of t h e  sha f t  l o c a t i o n ,  t h e  implementation of 
addi t iona l  shaft leakage resulted i n  a response which has the  same order 
of magnitude as t h e  observed one. As discussed i n  Sec t ion  5.4, t h e  

dens i t i e s  of the  borehole f l u i d s  i n  the WIPP wells were not  well known. 
Therefore ,  t he  head changes rather than  the absolu te  head values should 

be used f o r  comparing the observed and the ca l cu la t ed  data. Although 
the ca l cu la t ed  responses at t h e  WIPP wells are still smaller than  those 
ohserved, the model results support  the  hypothesis of the addi t iona l  
leakage. The remaining discrepancies could probably be reduced by 

increas ing  t h e  t r a n s m i s s i v i t i e s  nor th  of the s h a f t  l o c a t i o n .  

It  can be concluded that the  implementation of an add i t iona l  sha f t  

leakage can expla in  t h e  o k e r v e d  drawdown at the WIPP wells no r th  of the 

s h a f t  l oca t ion  during t h e  H-3 multipad punping test. Furthermore, the 

assunption of such an addi t iona l  l e a k  p re sen t ly  seems t o  be the  most 
l i k e l y  p o s s i b i l i t y  t o  expla in  the  observed t r a n s i e n t  freshwater heads. 

F r a n  a modeling point of vi-, the  occurrence of an add i t iona l  and 
poorly docunented leak i n  the waste-handling sha f t  dur ing  t h e  H - 3  
multipad pumping tes t  is unfortunate  because i t  complicates fur ther  the 

already very canplicated hydraul ic  s i t u a t i o n  i n  t h e  Culebra dolomite at 
the  WIPP s i t e .  
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5.6 Summary of t h e  Transient  Simulation 

Between 1981 and 1986, t h e  hydraul ic  condi t ions  i n  the  Culebra dolomite 

have been inf luenced by d r i l l i n g  and t e s t i n g  activities at the shafts 

and the  well locations. The fo l lowing  a c t i v i t i e s  and tests were incor-  
porated i n t o  the model: a s impl i f i ed  but complete shaft h i s t o r y  s i n c e  
1981, three punping tests and a series of s l u g  tests at t h e  H - 2  hydropad 
i n  1983 and 1984, the H-3 convergent-flow tracer test i n  1984, the  H-3 
stepdrawdown test i n  1985, the  H - 3  multipad punping test i n  1985, a i d  

the H-4 convergent-flow tracer test between 1982 and 1984. Using the  

s t e a d y - s t a t e  s o l u t i o n s  f o r  pressure and br ine  concent ra t ion  of t’m 
density-calibrated steady-state model as i n i t i a l  condi t ions ,  t h e  

hydraul ic  s i t u a t i o n  i n  t h e  Culebra d o l a n i t e  w a s  simulated f o r  the time 
period fran January 1 ,  1981 t o  December 31, 1986. Variable timesteps 
between 1 and 32 days i n  l e n g t h  were used. 

I n  genera l ,  the  model-calculated freshdater heads at the shaft and a t  
t he  well locations are i n  good ag remen t  wi th  t he  observed data, 

e s p e c i a l l y  a t  H-1 ,  H-2, H-3, DOE-1, and H - 1 1 .  This leads t o  the 

conclusion that t h e  model t r a n s m i s s i v i t i e s  used between H - 3  and H - 1 ,  

H-2 ,  DOE-1, and H-11 are reasonably r ep resen ta t ive  of the  real 
t r ansmiss iv i ty  d i s t r i b u t i o n .  However, it w a s  not poss ib l e  t o  reproduce 
t h e  sudden pressure  drop and the subsequent slow l i n e a r  recovery tha t  

w a s  ohserved at  t he  s h a f t  l o c a t i o n  and at WIPP-19, WIPP-21, and WIPP-22 

during and after the  H-3 mul t ipad  pmping test. This leads t o  the 

hypothesis  tha t  i n  early Decanber 1985 an add i t iona l  fissure i n  t h e  

l i n e r  of the w a s t e h a n d l i n g  s h a f t  opened causing t h e  sudden pressure  
drop. Th i s  fissure r m a i n e d  open and w a s  gradual ly  plugged dur ing  t h e  

subsequent months by p r e c i p i t a t i n g  minerals  (e .g . ,  carbonate)  which 

restricted more and more of t h e  flow of ground water i n t o  the  sha f t .  As 

a consequence, the hydraul ic  system i n  the  Culebra dolani te  at the shaft 
l o c a t i o n  reacted wi th  a slow and a l m o s t  l i n e a r  pressure recovery. 
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I n  sunmary ,  the  ex is tence  of addi t iona l  leakage r a t h e r  than  a discrete 
high-permeabili ty feature between H-3 and the s h a f t s  appears t o  be the 

m a s t  p l aus ib l e  because the  e f f e c t  of the early-shaft h i s t o r y  could be 

simulated accura t e ly  at t he  H - 3  hydropad, whereas the  shaf t  response 
a u l d  not be reproduced w i t h  pumping at the  H-3 hydropad u t i l i z i n g  t h e  

sane t ransmi ssi v i  t y d i s t  ri bution. 

I n  order  t o  test t h i s  hypothesis,  an addi t iona l  leakage w a s  implemented 
at the  s h a f t  l oca t ion  and t h e  s imulat ion w a s  carried out over  t he  period 
fran 1981 through 1986. The calculated fresiwater heads at t h e  shaf t  

l o c a t i o n  followed c lose ly  the  observed data i n  the was tehand l ing  s h a f t .  

The calculated freshwater heads of the WIPP wells t o  the n o r t h  of t h e  

s h a f t  l o c a t i o n  shaw a response of about half the size of the  observed 
one. The agreement between t h e  observed and calculated freshwater heads 

at H-1 and H-2 w a s  also improved by the add i t iona l  s h a f t  leakage. 
A l t b u g h  further c a l i b r a t i o n  work w i l l  be necessary i n  order  t o  
reproduce exac t ly  t he  observed data a t ,  f o r  i n s t ance ,  WIPP-21, the  model 
results i n d i c a t e  that such addi t iona l  shaft leakage can expla in  the 

ohserved drawdown at the s h a f t  l o c a t i o n  i tself  and t h e  WIPP wells no r th  
of it. Furthermore, t he  assunption of addi t iona l  leakage w i t h  the  

t r a n s i e n t  characteristics as described above seems t o  be t h e  m o s t  l i k e l y  

p o s s i b i l i t y  of explaining the o b e r v e d  t r a n s i e n t  freshwater heads. 

However, add i t iona l  model c a l i b r a t i o n  is requi red  i n  order t o  improve 
the ag remen t  between the model-calculated and the observed data. 
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6.0 SENSITIVITY OF THE MODEL CONCEPTUALIZATION TO VERTICAL FLUXES TO AND 

FROM THE CULEBRA WLOMITE 

During the modeling s tudy ,  i t  w a s  genera l ly  assuned that the geologic u n i t s  
above and below the Culebra dolomite are of very low pe rmeab i l i t y  and any 
f l u x  i n t o  or fran the Culebra dolmite through these confining beds could 
be neglected (Sec t ion  3.5.3.). During the c a l i b r a t i o n  of t h e  steady-state 
model against the observed formation-water densit ies (Sect ions 4.5 and 
4.61, it becane obvious that  i t  is very d i f f i c u l t ,  i f  not impossible, to  
o b t a i n  the observed spatial dens i ty  d i s t r i b u t i o n  (Figure 3.10) by employing 
hor izonta l  f l u x  i n  t he  Culebra only.  T h e  assunpt ion of abso lu te ly  
impermeable layers above and belcw the Culebra dolmite  may be an over- 
s i m p l i f i c a t i o n  of the  real s i t u a t i o n  (Sec t ion  2 .4 ) .  Consequently, a local 
vertical f l u x  (through the  T a m a r i s k  Member and the unnamed lmer  member) 
i n t o  t h e  Culebra dolanite was implemented i n  an attempt t o  improve the 

agreement between the calculated and the observed formation-water 
d e n s i t i e s .  However, an improved ag remen t  between t h e  model and the real 
hydrogeologic s i t u a t i o n  does not prove the ex is tence  of any assuned 
v e r t i c a l  f l u x  i n  real i ty ,  although it does represent  a s t r o n g  argunent for 
t h e  ex i s t ence  of such a v e r t i c a l  f l u x .  The main purpose of the model 
calculations using v e r t i c a l  f l u x e s  w a s  t o  provide an approximate 
q u a n t i f i c a t i o n  of the f l u x e s  required t o  improve the model f i t  and t o  
i n d i c a t e  the areas where such f l u x e s  might occur. 

6.1 Estimation of Possible Vertical Fluxes 

Prior t o  implgnentation of a v e r t i c a l  f l u x  i n t o  the model, sane scoping 
calculations were conducted i n  order t o  determine the  possible order of 
magnitude of a v e r t i c a l  f l u x  i n  the d i f f e r e n t  model areas. I n  the  

fo l lowing ,  sane of these calculations or estimations are b r i e f l y  
discussed . 
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5.1.1 Estimation of Vertical Flux through the Unnamed Lower Member 

a t  P-17 

A s  discussed i n  Sections 4.5 and 4.6,  i t  w a s  not poss ib le  t o  calibrate 
t h e  steady-state model such that  there w a s  an acceptable agreement 
between t h e  calculated and the  observed formation-water dens i ty  data at 
well P-17. Therefore ,  the l o c a t i o n  of P-17 w a s  selected f o r  t h e  

est imat ion of a poss ib le  v e r t i c a l  f l u x .  Because there were no 
d i f f i cu l t i e s  i n  c a l i b r a t i n g  t h e  model at the  surrounding borehole 
loca t ions  ( e . g . ,  H-4, H-11 ,  and H-12), i t  was assumed t h a t  t h e  v e r t i c a l  
f l u x  a t  P-17 is a local phencmenon. 

The model-calcul ated f ormati on-wat er densi ti es were consi derabl y lmer 
than  t h e  observed values (Sect ion 4.5 and 4.6).  Therefore, a v e r t i c a l  
f l u x  of h igh - sa l in i ty  ground water was assumed. A t  the P-17 l o c a t i o n ,  
no occurrence of hal i te  i n  the l a y e r s  above the  Culebra dolomite (i . e . ,  
the  T a m a r i s k  Member and the Forty-Niner Manber) is reported i n  the 

l i t e r a t u r e  (Mercer, 1983). Halite is known t o  be present  i n  the 

unnamed lower member. Furthermore, a formation-water dens i ty  of 1.19 
g/m3 is reported f o r  the Rustler-Salado contact  residuun at P-17 
(Mercer, 1983). Therefore,  a v e r t i c a l  f l u x  of h igh - sa l in i ty  ground 
water frcm below i n t o  t h e  Culebra dolomite w a s  assuned. 

The fol lowing geological and hydrogeological data of the P-17 area are 
ava i l ab le  (Mercer, 1983): 

0 Thickness of the  unnamed lmer member: about 40 m;  

0 Freshwater e leva t ion  i n  the  Rustler-Salado contact  residuum: about 
920.5 m a.s .l. ; 

0 Freshwater e l eva t ion  i n  the  Culebra dolomite: about 908 m a.s.1. 
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Thus, an upward-directed hydraul ic  gradient  of 0.3 m / m  can be calcu- 
lated f o r  the unnamed lower member a t  P-17. This hydraul ic  gradient  
does not reflect any v a r i a t i o n  of the  ground-water d e n s i t i e s  i n  the 

d i f f e r e n t  geologic l a y e r s  at P-17, because it was calculated using the 
equivalent  freshwater heads. Taking i n t o  account the d e n s i t y  v a r i a t i o n  
a t  P-17 (1.06 g/m3 i n  t h e  Culebra, 1.19 g/m3 i n  the  Rustler-Salad0 

contact  residuum), a l ldensity-corrected hydraul ic  gradient" of 0.18 m/m 
can be calculated. 

No permeabili ty data were a v a i l a b l e  for  the unnamed lwer member which 

c o n s i s t s  of breccia, c laystone,  s i l t s t o n e ,  s i l t y  sandstone, gypsun, 
anhydr i t e ,  and halite. Therefore, a very l a d  matr ix  permeabi l i ty  i n  
general  and sanewhat higher permeabi l i t ies  along f r a c t u r e s  and f au l t s  
can be assuned. The e f f e c t i v e  permeabili ty for  v e r t i c a l  f l u x  is then 
defined by the permeabi l i t ies  along t h e  fractures. 

Experience gained i n  other studies has s b w n  that on a regional  scale 

even confining beds usua l ly  have v e r t i c a l  hydraul ic  conduc t iv i t i e s  of 
1 x m / s  or more (e.g., Bredehoeft et a l . ,  1982). Using a 
hydraul ic  conduct ivi ty  of 1 x m / s  and a hydraul ic  gradient  of 
0.18 m / m ,  a f l u x  of 1.8 x m/s through the unnamed lcwer member 
can be calculated. This is equivalent  t o  a f l u x  of 0.1 l/rnin through 
an  area of 1 h2. Ths effect of such a s m a l l  f l u x  on t h e  model- 
calculated f l u i d  d e n s i t i e s  at P-17 is discussed i n  Sec t ion  6.2. 

6.1.2 Estimation of Vertical Flux Through the T a m a r i s k  Member 
i n  t h e  Western Model Area 

As previously discussed (e.g., Sect ion 4.6),  i t  is d i f f i c u l t  t o  ob ta in  
t he  north-south gradient  of t he  formation-water d e n s i t y  observed i n  t h e  

Culebra dolanite i n  the western pa r t  of the model area (F igure  3.10) 

wi th  the cu r ren t  model conceptualization (e.g. ,  modeling t h e  Culebra 

dolomite as a s i n g l e ,  completely confined l a y e r ) .  During the  
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c a l i b r a t i o n  of the density-calibrated s t eady- s t a t e  model, t h i s  problem 
w a s  not solved but circunvented by assigning heterogeneous dens i ty  
boundary condi t ions along the northern model boundary (Sect ion 4.5) 
which resulted i n  a s a t i s f a c t o r y  agreement between the calculated and 

otserved formation-water densities at  the borehole loca t ions .  Hcwever, 
the  heterogeneous boundary mndi tions used f o r  the dens i ty-ca l ibra ted  
s t eady- s t a t e  model may not be representa t ive  for  the real spatial 

dens i ty  d i s t r i b u t i o n  i n  t h e  Culebra dolomite. Therefore, the poss ib i l -  
i t y  that the ohserved north-south dens i ty  grad ien t  is caused by a 
v e r t i c a l  f l u x  i n t o  t h e  Culebra dolomite w a s  i nves t iga t ed  i n  more 
detail.  

The p o s s i b i l i t y  that the  observed formation-water d e n s i t y  a t  H-6 is a 
rather local phenanenon, caused by a h igh - sa l in i ty  v e r t i c a l  f l u x  fran 
belad, can be excluded because the  hydraulic gradient  i n  the  unnamed 
lower member is directed downward (Mercer, 1983). I t  is assuned t h a t  

the observed densities at H-6 are representa t ive  fo r  the  area along the  
western pa r t  of t h e  northern model bomdary (Figure 3.10). Thus,  boun- 
dary condi t ions wi th  prescr ibed dens i t i e s  between 1.03 and 1.04 g/m3 
were assigned t o  t h e  northern model boundary w e s t  of DOE-2. As danon- 
strated by the pressure-ca l ibra ted  steady-state model (Figures  4.7 and 
4.81, the  r e s u l t i n g  ca lcu la ted  densities at t he  wells H - 1 ,  H-2,  H - 4 ,  
H-7, P-14, and P-17 are higher than the observed values .  Consequently, 
a f l u x  of low-sa l in i ty  water i n t o  the  Culebra dolomite has t o  be 
assuned i n  order t o  improve t h e  f i t  between calculated and observed 
f omation-water densi t ies .  Because the  f l u i d  densities at seve ra l  
wells i n  the western part of the  model area are concerned, t h e  v e r t i c a l  
f l u x  w a s  assuned t o  be a regional  rather than a l o c a l  phenanenon. 

The repor ted  chemistry of ground water fran the Rustler-Salado contact  
r e s i d u m  ind ica t e s  a high minera l iza t ion  i n  the  western model area 
(e.g., 1.225 g / m 3  at  H-2, 1.126 g / m 3  at P-14, 1.16 g/m3 at  P-15; 
Mercer, 1983). Therefore, a v e r t i c a l  f l u x  of f resh  ground water from 
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the Rustler-Salad0 contact  residuun through the unnamed lwer member i s  
not poss ib l e .  

The observed formation-water dens i t i e s  i n  the  Magenta dolanite i n  t he  
3 western part of t he  model area are known to be l c r w  (e.g., 1.01 2 g/m 

at H-2,  1.007 g/m3 at H-6,  1.017 g/m3 at H-4 ;  Mercer, 1983). I n  
a d d i t i o n ,  the hydraulic gradient  between the Magenta and the  Culebra 
dolanite is directed downward i n  the western model area (Table 6.1) .  
The gradien t  is about 1.8 m/m i n  the c e n t r a l  part of the  model area 
(H-3) and seems t o  dec l ine  gradual ly  tmards the western model 
boundary, where only 0.034 m/m are observed (WIPP-25). These g rad ien t s  
are not corrected fo r  v a r i a b l e d e n s i t y  effects because the d e n s i t y  
d i f f e rences  between the  Culebra and the Magenta formation waters are 
s m a l l .  

A v e r t i c a l  f l u x  of l c n - s a l i n i t y  water frcm the Magenta dolcmite through 
t h e  T a n a r i s k  Member i n t o  t h e  Culebra dolomite seems t o  be poss ib le  i n  
the western part of the model area. Because there is a near-neutral  
hydradic  gradien t  repor ted  a t  H-6 (Table 6.11, the area of t h e  f l u x  
i n t o  the Culebra d o l a n i t e  has t o  be restricted t o  t h e  western model 
area sou th  of H-6. To the east, the area of possible vertical f l u x  i s  
l i m i t e d  by t h e  occurrence of more h igh ly  mineral ized formation water i n  
t h e  Culebra dolomite at t h e  WIPP wells no r th  of the s h a f t  l o c a t i o n ,  at 
H-3, and at P-17 ( i . e . ,  there is no evidence of such a l w - s a l i n i t y  
v e r t i c a l  f l u x  east of the connecting l i n e  between WIPP-13 and P-17). 
Consequently, the  area marked i n  F igure  6 .5  (about 58.5 km2) w a s  
selected f o r  the f u r t h e r  calculations as the area of possible downward 
v e r t i c a l  f l u x  of low-sa l in i ty  ground water. 

No hydraul ic  conduct iv i ty  data f o r  t h e  Tanarisk Member i n  the western 
model area are reported i n  the  literature. D u e  t o  the  lack of data, a 
v e r t i c a l  hydraulic conduct iv i ty  of 1 x m / s  w a s  assuned f o r  the  

T a m a r i s k  Member (the sane value w a s  assuned for t h e  unnamed lower 
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member; Sect ion 6 .1 .1) .  As mentioned above, v e r t i c a l  hydraul ic  
gradients  between 0.034 m/rn and 1.8 m/m can be calculated f o r  t h e  

T a m a r i s k  i n  the western model area. An a r b i t r a r y  value of 0.5 m/m, 
constant over  the area marked i n  Figure 6.5 w a s  selected f o r  t h e  

further sooping calculations. Using a hydraul ic  conduct ivi ty  of 
1 x 10-l’ m / s  and the  selected v e r t i c a l  hydraulic gradient  of 0.5 m/m,  
a f l u x  of 5 x m / s  t h r o u a  the  unnamed lwer rngnber w a s  
calculated.  Th i s  is equivalent t o  a f l u x  of 0.3 l/min through an area 
of 1 h? 

Thus, t he  occurrence of l c u - s a l i n i t y  v e r t i c a l  f l u x e s  through the 

Tanarisk Manber i n t o  the  Culebra dolomite wi th  the above-calculated 
magnitude (about 5 x m / s )  may be possible .  The s e n s i t i v i t y  of 
t he  model t o  such a f l u x  is f u r t h e r  discussed i n  Sect ion 6.3.  

6.2 Implementation of a High-Salinity Vertical Flux a t  P-17 and 
Simulation of t h e  Undisturbed Hydraulic Conditions 

Based on the scoping calculations discussed i n  Sec t ion  6.1.1,  an area 
of about 1 iun2 at  P-17 w a s  selected f o r  the s e n s i t i v i t y  ana lys i s  
(Figure 6 .1) .  Using t h e  densi ty-cal ibrated s t eady- s t a t e  model, var ious 
f luxes  between 1 x m / s  and 5 x 10-l3 m / s  of h i g h - s a l i n i t y  water 
(wi th  a specific d e n s i t y  of 1.19 g/an3) were implenented and the steady- 
s ta te  s o l u t i o n s  fo r  pressure and br ine concentrat ion were calculated. 
Technical ly ,  this w a s  achieved by irnplenenting seven rate-control led 
i n j e c t i o n  wells i n  the  P-17 area. For i l l u s t r a t i v e  purposes, t he  results 
of the model wi th  an implemented f l u x  of 1 x m / s  are s b w n  i n  
Figures 6.1 through 6.4. Th i s  very small f l u x  is s u f f i c i e n t  t o  cause an 
increased calculated formation-water d e n s i t y  of 1.060 g / m 3  at  P-17 
(Figure 6 .3 ) ,  which is i d e n t i c a l  t o  the observed dens i ty  (Figure 6 .4) .  
The freshwater head at P-17 w a s  raised by the v e r t i c a l  f l u x  f r a n  910.1 t o  
91 0.3 rn a.s .l. (Figure 6.1 ) . Consequently, the d i f f e rence  between t h e  

calculated and the  observed frestwater heads w a s  reduced f r a n  - 1 . 1  m 
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(dens i ty -ca l ib ra t ed  s t eady- s t a t e  model, Sec t ion  4.6) t o  -0.9 m 
(Figure 6 .2) .  

The implemented v e r t i c a l  f l u x  of 1 x 10-l' m/s at t h e  P-17 area corre- 
sponds t o  a very low v e r t i c a l  hydraul ic  conduct ivi ty  of 5.7 x 10-l' m / s  
(assuning 0.18 m/m as v e r t i c a l  hydraul ic  g rad ien t ,  Sec t ion  6.1.1) i n  the 

unnaned lower manber of t h e  Rustler Formation. T h i s  hydraul ic  conductiv- 
i t y  is even lmer than the  hydraul ic  conduct ivi ty  assuned fo r  t'he unnaned 
lower member i n  t he  scoping calculations (Sect ion 6.1.1) .  Therefore ,  the 
p o s s i b i l i t y  that the  r e l a t i v e l y  high d e n s i t i e s  observed a t  P-17 are at 
least p a r t i a l l y  caused by an upward f l u x  of h igh-sa l in i ty  water cannot be 

excluded. Moreover, i t  seems t o  be d i f f i c u l t  t o  exclude the  p o s s i b i l i t y  
of any in f luence  on t h e  formation-water dens i ty  i n  t he  Culebra dolomite 
by v e r t i c a l  ground-water movement through t h e  unnamed lmer menber of t h e  

Rustler Formation wherever upward hydraul ic  g rad ien t s  e x i s t .  

As f a r  as the  model conceptual izat ion is concerned, i t  can be concluded 
that the calculated freshwater heads are moderately s e n s i t i v e  t o  a local 
v e r t i c a l  f l u x  at the P-17 a r e a ,  i .e . ,  a v e r t i c a l  f l u x  of about 
1 x 10-" m/s causes an i n c r e a s e  i n  the  calculated freshwater heads of 
0.2 m. Furthermore, i t  can be concluded that  the calculated formation- 
water d e n s i t i e s  are very s e n s i t i v e  t o  a local v e r t i c a l  f l u x  (with a 
specific d e n s i t y  of 1.19 g/m3) a t  the P-17 area, i . e . ,  a v e r t i c a l  f l u x  
of 1 x lo-'* m / s  causes an inc rease  of 0.04 g/m3 on the calculated 
d e n s i t i e s  . 

5.3  Implementation of a Lm-Sal in i ty  Vertical Flux i n  t h e  Western Model 
Area and Simulation of the Undisturbed Hydraulic Conditions 

Based on the scoping calculations i n  Sec t ion  6.1.2, the  s e n s i t i v i t y  of 
the model t o  a low-sa l in i ty  v e r t i c a l  f l u x  i n t o  t h e  Culebra dolomite (a t  
the  area marked i n  F igure  6.5) w a s  i nves t iga t ed .  F i r s t ,  the  density- 
calibrated s t e a d y - s t a t e  model with t he  i n i t i a l  boundary condi t ions re- - 
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implanented (Table 3.9) a long t h e  western part of the  nor thern  model 
boundary w a s  used t o  calculate the undisturbed freshwater heads and 
formation-water densit ies.  Figures 6.5 through 6.8 d i s p l a y  the results 
(freshwater heads, d i f fe rences  between calculated and observed freshwater 
heads,  formation-water d e n s i t i e s ,  d i f fe rences  between calculated and 
observed formation-water d e n s i t i e s )  for a zero f l u x  i n t o  the  Culebra 

dolanite. A comparison w i t h  t h e  results of the  dens i ty-ca l ibra ted  
s t eady- s t a t e  model wi th  the modified dens i ty  boundary conditions 
(Figures 4.12 - 4.15) r evea l s  tha t  t h e  results are very similar except 
f o r  t he  formation-water d e n s i t i e s  i n  t h e  southwestern model area. I n  
this area, the calculated d e n s i t i e s  (Figures 6.7 and 6.8) are about 
0.02 g/m3 higher due t o  t h e  higher formation-water densities assigned t o  
t he  nor thern  model boundary w e s t  of DOE-2 (see above). 

Subsequently, various f l u x  rates i n t o  the  Culebra, s p a t i a l l y  constant 
over the area marked i n  Figure 6.5,  were implenented and the steady-state 
s o l u t i o n s  f o r  freshwater head and formation-water dens i ty  were 
calculated. Technical ly ,  t h i s  w a s  achieved by a s s ign ing  a recharge t o  
t h e  specified area (Figure 6 .5) .  The specific dens i ty  of t h e  recharge 
w a s  assuned t o  be 1.00 g/m3 ( i . e . ,  the  f r a c t i o n a l  b r ine  concentrat ion 
w a s  assigned 0.0) because t h e  ava i l ab le  data base on t h e  formation-water 
densities i n  t he  Magenta do lan i t e  w a s  not considered t o  be de ta i led  

enough t o  j u s t i f y  any other specific value or even a s p a t i a l  v a r i a t i o n  of 
the recharge-f luid dens i ty .  

For i l l u s t r a t i o n  purposes, the  results of the  model w i th  an implemented 
f l u x  of about 5 x m/s (equivalent t o  a recharge rate of 18 l/min 
over an area of 58.5 km2) are s b w n  i n  Figures 6.9 through 6.12. 
A canparison wi th  t he  results of the zero-flux model (Figures 6.5  through 
6.8) shows that both the calculated f r e s lwa te r  heads and the  formation- 
water densities are inf luenced by the add i t iona l  f l u x  i n t o  the model. 
For example, the  heads at P-15 have been increased by 7.2 m while the 

d e n s i t i e s  have been lowered by 0.01 g/an3. Thus a t  P-15 ,  t he  rather 
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s m a l l  v e r t i c a l  f l u x  has a s i g n i f i c a n t  effect on the model results, while 
at other l o c a t i o n s ,  the effect is  much smaller. For example, at P-14, 

t h e  freshdater head and t h e  dens i ty  have been increased  only  by 0.7 m and 
decreased by 0.006 gun3, respec t ive ly .  

I n  order  t o  demonstrate the spatial d i s t r i b u t i o n  of the effect of the 

implanented recharge or  f l u x ,  t h e  d i f fe rences  between the  model results 
wi th  f l u x  (5 x 10-l’ m/s) and w i t h o u t  f l u x  have been contoured and 
p lo t t ed  (F igu res  6.13 and 6.14).  Figures  6.13 and 6.14 also can be 

i n t e r p r e t e d  as the average model s e n s i t i v i t y  t o  a v e r t i c a l  f l u x  of 
5 x 10-l‘ m / s  over  t h e  specified area with v e r t i c a l  f l u x .  

Analogous cnmputer runs have been performed with d i f f e r e n t  f l u x  rates 
(e.g. ,  1 x m / s  and 1 x 10-l’ m / s ) ,  bu t ,  because they show similar 
results, the  corresponding plots have not  been included i n  this report. 

The fol lowing conclusions can be drawn fran the  s e n s i t i v i t y  a n a l y s i s  
employing a s p a t i a l l y  constant vertical f l u x  of l w - s a l i n i t y  water i n t o  
the Culebra dolomite at t he  western model area (Figures 6.5 through 
6.14): 

1 )  The s e n s i t i v i t y  of the model t o  v e r t i c a l  f l u x  differs fran l o c a t i o n  
t o  l o c a t i o n .  The s p a t i a l  s e n s i t i v i t y  d i s t r i b u t i o n s  with respect t o  
the  hea& and t o  the densit ies are not i d e n t i c a l  (Figures  6.13 and 

6.1 4 ) .  

2)  The model sbws an area of high s e n s i t i v i t y  w i t h  respect t o  both the 
freshwater heads and the d e n s i t i e s  aromd P-15 and H-4. T h i s  

s e n s i t i v i t y  is d i r e c t l y  correlated t o  the l a w  t r a n s m i s s i v i t y  i n  that  
area (Figure 4.10). The hor izonta l  f l u x  i n  the Culebra is mall i n  
that area because of the l a d  t r ansmiss iv i ty .  Even a very s m a l l  
add i t iona l  f l u x  i n t o  t h e  Culebra can cause major changes i n  t he  

calculated heads and the  densities. As Figures  6.10 and 6.12 s b w ,  
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t he  effect of the implanented f l u x  is  much greater than acceptable 

with respect t o  the observed data. Consequently, i n  r e a l i t y  any 
v e r t i c a l  f l u x  i n  t h e  area of P-15 and H-4 is  probably v e r y  small 
(e.g. ,  1 x 10-l2 m/s or  less). 

3) Mediun s e n s i t i v i t y  t o  vertical f l u x  exists i n  areas w i t h  intermedi- 
ate t r a n s m i s s i v i t i e s  (e .g . ,  i n  the area of H-1, H - 2 ,  H-3, and P-17). 
There, t h e  v e r t i c a l  f l u x  ( 5  x m / s )  has caused increased  heads 

by about  1.5 m and decreased densities between 0.01 5 g/m3 and 
0.035 g/cm3. The increased heads are f u l l y  compatible w i t h  the 

observed data because the  d i f fe rences  (Figure 6.10) could easi ly  be 

el iminated by s l i g h t l y  r e c a l i b r a t i n g  t h e  t r a n s m i s s i v i t i e s .  A s  far  
as the decreased densities a t  H-1 and H-2 are concerned, the  

v e r t i c a l  f l u x  has changed them i n  the r i g h t  d i r e c t i o n  (Figures 6.8 
and 6.12).  The remaining d i f fe rences  t o  the  observed values can be 
el iminated by inc reas ing  the  vertical f l u x  i n  t h a t  area t o  about 
1 x m/s. A v e r t i c a l  f l u x  a t  H-1 and H-2 of 1 x m/s is 
cons i s t en t  w i th  the  e x i s t i n g  d e n s i t y  data base. 

A t  H - 3 ,  the  calculated d e n s i t i e s  were lowered too much (F igures  6.8 
and 6.12). However, as discussed i n  Sec t ion  4.5, t he  local 
t r ansmiss iv i ty  f i e l d  at H-3 is not considered t o  be f u l l y  

calibrated. Therefore, i t  is not yet  possible t o  conclude that i n  
r e a l i t y  there must be a very mall v e r t i c a l  f l u x  through t h e  

Tanarisk Member at H-3. 

A t  P-17, t h e  calculated formation-water densities are t o o  l a d  w i t h  

or without the v e r t i c a l  f l u x .  However, as demonstrated i n  the 

previous s e c t i o n ,  at P-17 the  formation-water d e n s i t y  may be 
governed by a h igh - sa l in i ty  vertical f l u x  fran below (Sec t ion  6 .2) .  

4)  Lck~  s e n s i t i v i t y  w a s  found i n  areas wi th  high t r a n s m i s s i v i t i e s  (e.g. ,  
at P-14) .  There, the v e r t i c a l  f l u x  changed t h e  heads and the  
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densities only  s l i g h t l y  (Figures 6.13 and 6.14). Thus, i n  order  t o  
reduce the d i f f e rence  between the calculated and the  observed 
densi t ies  at P-14, cons iderably  higher f l u x  rates (about 
2 x 10-l '  m/s) are requi red .  

5) Based on the  previous s ta tements ,  i t  can be concluded that the 
employment of a s p a t i a l l y  constant v e r t i c a l  f l u x  can revea l  the  

s e n s i t i v i t y  of the model t o  v e r t i c a l  f l u x  but  tha t  such a constant  
f l u x  is not r ep resen ta t ive  f o r  the  real s i t u a t i o n .  For the  real 
s i t u a t i o n ,  a spatial f l u x  d i s t r i b u t i p n  has t o  be assuned which is 
correlated sanewhat t o  the hydraulic m n d u c t i v i t i e s  of t h e  Culebra 

do lan i t e .  Fran the hydrogeologic point of view, t h i s  can be asslmed 
because the sane processes which have caused the  v a r i a t i o n  of the 

hydraulic conduct iv i ty  i n  t h e  Culebra dolanite may also have caused 
a similar v a r i a t i o n  i n  the  layers above the Culebra dolanite.  

6) Although employing a s p a t i a l l y  constant  v e r t i c a l  f l u x  over a large 
area may not be adequate (see above) ,  it w a s  never the less  possible 

t o  create a calculated d e n s i t y  d i s t r i b u t i o n  by implgnenting a 
cons tan t  f l u x  of 5 x m/s which, as a p a t t e r n ,  is similar t o  
the observed dens i ty  d i s t r i b u t i o n  (Figures 6.11 and 3.10). 
Theref o r e ,  by incorpora t ing  a s p a t i a l l y  va r i ab le  v e r t i c a l  f l u x  i n  
the western model area, i t  s b u l d  be possible t o  o b t a i n  a calculated 
d e n s i t y  d i s t r i b u t i o n  which is cons is ten t  with the  observed data. 

Further data a s s imi l a t ion  and data eva lua t ion  are r equ i r ed  i n  order t o  
provide the data base necessary f o r  more detailed simulations. For 
example, a cons i s t en t  data base w i t h  regard t o  the t r a n s m i s s i v i t i e s ,  
observed f res twater  heads, and f omation-water  densities i n  the  Magenta 
dolanite has t o  be prepared. Based on that, a s p a t i a l l y  v a r i a b l e  f l u x  
can be derived and incorporated i n t o  t h e  model. Fu r the r  steps may 
inc lude  the use of a multi-layered model which allws simultaneous 
s imula t ion  of ground-water flow i n  all members of t h e  R u s t l e r  Formation. 
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6 . 4  Summary of the S e n s i t i v i t y  Analysis Using Vertical Fluxes 

Because of the d i f f i c u l t i e s  i n  s imula t ing  t h e  observed spatial formation- 
water dens i ty  d i s t r i b u t i o n  by modeling t h e  Culebra dolanite as a 
completely cor f ined  l a y e r  w i t h  ground-water f lcw only i n  t he  hor izonta l  
d i r e c t i o n ,  the p o s s i b i l i t y  of t h e  occurrence of ground-water flow f r a n  
and t o  the Culebra through the  confining beds w a s  i nves t iga t ed .  

F i r s t ,  prel iminary scoping ca lcu la t ions  were conducted f o r  two areas: 
1 )  the  l o c a t i o n  of P-17, and 2) t h e  western model area (south  of H-6 and 
w e s t  of H - 1 ) .  Based on these ca l cu la t ions ,  a h igh - sa l in i ty  f l u x  f r a n  the 

Rustler-Salad0 contact  residuun through t h e  unnamed lcwer member of the  

Rustler Formation i n t o  the  Culebra dolanite near  P-17 is considered t o  be 

l i k e l y .  The order of magnitude of this f l u x  was estimated t o  be about 
1.8 x m/s. I n  add i t ion ,  a low-sa l in i ty  v e r t i c a l  f l u x  through t h e  

Tanarisk Member i n t o  t h e  Culebra dolanite seems t o  be possible. The 

magnitude of t h e  low-sa l in i ty  f l u x  w a s  estimated to’be  5 x m/s. 

Simulations using a h i g h - s a l i n i t y  v e r t i c a l  f l u x  i n  t he  P-17 area i n d i c a t e  
that even smaller f luxes  than estimated can s i g n i f i c a n t l y  in f luence  the  

calculated dens i ty  d i s t r i b u t i o n .  Furthermore, i t  is d i f f i c u l t  t o  exclude 
the p o s s i b i l i t y  of a v e r t i c a l  f l u x  at that  loca t ion .  S i m i l a r l y ,  
simulations using a l a d - s a l i n i t y  v e r t i c a l  f l u x  i n  the western model area 
i n d i c a t e  tha t  t he  observed dens i ty  d i s t r i b u t i o n  can be inf luenced by 
v e r t i c a l  ground-water movement downward through t h e  T a m a r i s k  Member. 

The s e n s i t i v i t y  a n a l y s i s  using v e r t i c a l  f l u x  should be considered t o  be 

the s t a r t i n g  point of addi t iona l  inves t iga t ions  which include data 
co l l ec t ion  and eva lua t ion  as w e l l  as model calculatiom. T h e  use of a 
multi- layered model considering the  complete Rustler Formation is 
considered appropr ia te  based on the scoping calculations and model 
s i a u l a t i o n s  conducted i n  this chapter. 
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7 .0  APPLICATION OF A DOUBLE-POROSITY FLOW CONCEPTUALIZATION 

_- 

7.1 In t roduc t ion  -- 

The simulations presented i n  Sections 4, 5, and 6 assune that  t h e  

Culebra is an equivalent  porous media. Several  i n v e s t i g a t o r s  (Rehfeldt, 

1984; Chaturvedi and Rehfe ld t ,  1984; Kelley and P i c k e n s ,  1986; and 
Beauheim, 1986, and i n  prepara t ion)  have discussed the p o s s i b i l i t y  t h a t  

the Culebra is a fractured rock possessing both primary and secondary 
porosity. I n  order t o  i n v e s t i g a t e  t he  effects of double po ros i ty  on t h e  

r e g i o n a l - f l m  modeling, we have performed add i t iona l  calculations which 

are presented i n  t h i s  s ec t ion .  The hydraulic t e s t i n g  methods and i n t e r -  
p re t  at i on approaches f o r  hydr aul i c and tracer tests u t i  1 i zed by Sandi a 
Nat ional  Laboratories and their  cont rac tors  during 1985 and 1986 have 
provided q u a n t i f i c a t i o n  of f racture-flw and transport properties where 
appropr ia te .  To date, both tracer tes ts  (Kel ley  and Pickens ,  1986) and 
hydraulic tests (Beauheim, 1986, and i n  prepara t ion)  have been analyzed 
using d o u b l e p o r o s i t y  models at the WIPP s i te .  A d o u b l e p o r o s i t y  
so lu t e - t r anspor t  a n a l y s i s  of tracer tests w a s  performed on tracer tests 
performed at  t h e  H - 3  hydropad, and double-porosity hydraul ic  test 
analyses 'have been performed at  t h e  H-3 hydropad and w e l l  DOE-2. 

T h e  concept of a double-porosity mediun w a s  first proposed by Barenblat t  
et al. (1960) i n  order t o  model flow i n  f r a c t u r e d  rock. Streltsova- 
Adans (1 978) presents  a four-f old c l a s s i f i c a t i o n  of dua l -poros i ty  
r e se rvo i r s .  The Culebra is modeled as a class-one dual-porosi ty  
r e s e r v o i r ,  which is termed a fractured mediun whose p r imary  porosity 
contains  the majority of the f l u i d  storage volune while the  t ransmissiv-  
i t y  of the canbined system is due t o  the  secondary mediun. Inherent  t o  
our model conceptua l iza t ion  of a d o u b l e p o r o s i t y  mediun is the concept 
that t he  mediun consists of two separate, i n t e r a c t i n g  and overlapping 
continua. It is  also assuned that a r ep resen ta t ive  elementary volune of 
the aqu i f e r  e x i s t s  containing portions of both the pr imary  and secondary 
media. 
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There are two basic t y p e s  of double-porosity hydrau l i c  models i n  use: 
( 1 )  t h e  restricted interporosi ty-f low model, also known as a pseudo- 
steady-state model (Warren and Root, 1963); and (2)  an un res t r i c t ed  
model, a lso referred t o  as the  t r a n s i e n t  model (Kazemi et al., 1969).  
I n  the restricted i n t e r p o r o s i t y - f l m  model, the spatial v a r i a t i o n  of 

hydraulic-head gradien ts  i n  the matrix block is ignored and f l u i d  f l u x  
frcm the mat r ix  t o  the fractures is i n  response t o  the d i f f e rence  i n  t he  

average hydraul ic  heads i n  t he  fractures and matr ix .  I n  the second 
unres t r i c t ed  i n t e r p o r c s i t y - f l m  model, t he  spatial v a r i a t i o n  of 
hydraulic-head gradien ts  wi th in  the  matrix is considered and flow from 

the  matrix t o  the  fractures is governed by a l i nea r -d i f fus ion  process.  

I d e a l l y ,  when pressure versus log  time is p lo t t ed  f o r  a double-porosity 
r e se rvo i r ,  one observes two sani - log  s t r a i g h t - l i n e  regions connected by 

a signoid curve as  shown i n  Figure 7.1 (Warren and Root, 1963; 
Streltsova-Adams, 1978). The f i r s t  semi-log straight l i n e  is i n d i c a t i v e  
of the  hanogeneous pressure  response of the  secondary mediun alone and 
t h e  second semi-log straight l i n e  is  ind ica t ive  of the homogeneous 
pressure  response of t h e  t o t a l  system (i .e.,  both primary and secondary 
media). The curve sepa ra t ing  these two straight l i n e s  represents  the 

t r a n s i e n t  pressure  response within t h e  primary mediun i n  a l o c a l  region 
around the wellbore. 

It s b u l d  be noted that i f  an un res t r i c t ed  in te rporcs i ty- f low model is 
used, t he  t r a n s i t i o n  pressure  response between the  two semi-log s t r a i g h t  
l i n e s  is l i n e a r  and does not exh ib i t  the  i n f l e c t i o n  point predicted by 

restricted in te rporos i ty- f low models (Kazemi et al., 1969; and 
Strel tsova , 1 983) . 

The point where the  t r a n s i t i o n  curve,  or  straight l i n e ,  departs frcm the 

f i r s t  semi-log s t r a i g h t  l i n e  ( t l  of Figure 7.1)  represents  the beginning 
of primary-mediun pressure  response. When the t r a n s i t i o n  curve meets 

t h e  second semi-log s t ra ight  l i n e  ( t 2 ) ’  the Primmy and secondary media 
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are f u l l y  coupled. Both t l  and t h e  shape of the t r a n s i t i o n  reg ion  w i l l  

va ry ,  based upon which t y p e  of in te rporos i ty- f low model one chooses, but  

i n  theory t2  w i l l  be predicted t o  be the same by e i ther  model. 

The i d e a l  double-porosity pressure response described above and shown i n  
Figure 7.1 is e s s e n t i a l l y  a local phenomenon which w i l l  only be o tserved  
i n  t he  nea r  f i e l d  (Deruyck et  al., 1982). Data from observa t ion  wells 
that are not  i n  the near  f i e l d  can be f i t  adequately w i t h  models that 
neglec t  d o u b l e p o r o s i t y  t r a n s i e n t  effects. Through hydraul ic  i n t e rp re -  
t a t i o n  of the H-3 multipad t e s t ,  Beauheim ( i n  prepara t ion)  found that 
on ly  the  wells on the  H-3 hydropad could be f i t  by d o u b l e p o r o s i t y  type  
curves. The remaining observa t ion  wells could be f i t  by conventional 
s ing le-poros i ty  t y p e  curves.  

To cha rac t e r i ze  s i n g l e p o r o s i t y  f l m  t o  a well r equ i r e i  the hydraul ic  
d i f f u s i v i t y ,  the  wellbore storage c o e f f i c i e n t ,  and t h e  s k i n  p rope r t i e s  
of the reg ion  immediately surrounding the  wellbore. The parmeters 
necessary t o  cha rac t e r i ze  d o u b l e p o r o s i t y  flow t o  a well are the  sane as 
those needed for cha rac t e r i z ing  homogeneous s i n g l e p o r o s i t y  f law w i t h  

the a d d i t i o n  of two more paraneters: the  dimensionless secondary-system 
s t o r a t i v i t y  (w) ;  and the i n t e r p o r w i t y - f l m  c o e f f i c i e n t  ( A )  (Warren and 

Root,  1963). The dimensionless secondary-system s t o r a t i v i t y  is the 

ra t io  of the  secondary s t o r a t i v i t y  t o  the t o t a l  system s t o r a t i v i t y  and 
i n  equat ion form is defined as: 

(7-1 

where $f = semndar  y-medi un p o r o s i t y  (fractures ) 
C r  = secondary-mediun mmpressi b i l i t y  

= primary-mediun porosity (matrix) 4m 
C'  r = primary-mediun m m p r e s s i b i l i t y  

H09700R128 
7 - 3  



The interporosity-flcw coeff icient can be considered a dimensionless 
primary t o  secondary permeability ra t io  and i n  equation form is defined 
as: 

km 2 x =a- kf % 

where: a = geometrical shape factor 
%I = permeability of the matrix 
kf = permeability of the fracture 

= radius of the wellbore rW 

I n  equation form, the geanetrical shape factor  is equal to: 

4n(n+2) 

Lm 
2 a =  

where n = nunber of normal se t s  of fractures 
= characterist ic dimension of the matrix block Lm 

( 7-2 1 

( 7-31 

When cubes are modeled conceptually as spheres, the shape factor is 
equal to: 

15 
2 r m 

a = -  (7-4 1 

where rm = radius of the spherical matrix element or one-half the 
fracture  spacing 

7.2 Estimation of DoublePorosity Parameters 

In order t o  model a rock as a double-porosity mediun, one m u s t  establish 
media properties for  both the primary (matrix) and secondary (fracture)  
systems.  The parameters characterizing the Culebra which m u s t  be known 
i n  order t o  model flow w i t h  a double-porosity model include: 
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0 hydraulic conduct iv i ty  of the p r imary  mediun; 
hydraul ic  conducti vi t y of t h e  secondary medi um; 

0 poros i ty  of the primary mediun; 
po ros i ty  of t h e  secondary medium; 

0 compress ib i l i ty  of the primary mediun; 
0 

0 r ep resen ta t ive  matrix-block l eng th .  
cmpressibility of the secondary medium; 

Other parmeters which do not represent  direct inpu t  i n t o  t h e  SWIFT I1 
model, ye t  are input  i n d i r e c t l y ,  are the dimensionless secondary system 
s t o r a t i v i t y  (w)  and the dimensionless in te rporos i ty- f low a e f f i c i e n t  
(1). These parameters are estimated using equat ions 7-1 and 7-2. 

Hydraulic Conduct ivi ty  of the Pr imary  Mediun 

Core Laboratories, Inc .  (1986) performed permeability and poros i ty  
lneasurements on selected core samples fran wells H-2b, H-3b2, H-3b3, 
H-4b, and H-6b. Table 7.1 surmarizes the results f rm these measure- 
ments. These values of i n t r i n s i c  permeability were converted t o  
hydraulic conduc t iv i t i e s  assuning a f l u i d  v i s c o s i t y  equal t o  
1 x 10-3 Pa s and a mean f l u i d  dens i ty  equal t o  1.05 dun3 (see 
Sec t ion  3.3.1).  The mean v e r t i c a l  hydraulic conduct iv i ty  based upon 
1 4  measurements is 5.1 x m/s, whereas the  mean h m i z o n t a l  
hydrau l i c  conduct iv i ty  based upon 9 measuranents is equal t o  
1 . 4  x m/s. The primary mediun is assuned t o  be isotropic and 
homogeneous i n  t h i s  model. Considering the s m a l l  nmber  of a r e  
measuranents taken ,  all values of permeability (11-23) were averaged t o  
yield a primary-mediun hydraulic conduct iv i ty  equal t o  3.7 x m / s .  

There are regions wi th in  t h e  model area, such as the  area surrounding 
P-18, which have been t e s t e d  t o  y i e l d  hydraulic conduc t iv i t i e s  lwer 
i n  magnitude than 3.7 x m / s .  To prevent i ncons i s t enc ie s  wi th in  
t h e  model (i .e., primary hydraul ic  conducti vi ties greater than 
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secondary hydraulic conduc t iv i t i e s ) ,  t h e  primary hydraul ic  conduc- 
t i v i t y  f o r  the e n t i r e  model region w a s  assiwed t h e  lowest f i e l d -  

measured hydraulic conduct ivi ty ,  2.63 x lo-'' m / s .  This  hydraul ic  

conduct ivi ty  is considered t o  be r ep resen ta t ive  of a lower l i m i t  f o r  
the  pr imary medi un. 

Hydraulic Conductivity of the Secondary Mediun -- 

The hydraulic conduct ivi ty  d i s t r i b u t i o n  of the  secondary mediun is 
considered t o  be isotropic and heterogeneous. The hydraulic 
conduct ivi ty  values are derived f ran the s i n g l e p o r o s i t y  steady-state 
model c a l i b r a t i o n  (see Sect ion 3.4).  

P o r o s i t y  of the P r i m a r y  Mediun 

As is shown i n  Table 7.1, porosit ies derived fran core samples range 
fran 0.07 t o  0.3. As i n  the  s ingle-porosi ty  conceptualization (see 
Sec t ion  3.3.2), a matr ix  po ros i ty  of 0.2 w a s  chosen as a represen- 
t a t i v e  value. 

Poros i ty  of the Secondary Medim 

Poros i ty  values for  the secondary mediun should be derived frcm 
s o l u t e t r a n s p o r t  calculations performed f o r  t he  Culebra at the WIPP 

s i t e .  Tracer tests have been performed at hydropads H-2, H-3, H-4, 
and H-6. Because of the  differences between test t y p e s ,  t e s t i n g  
procedures, and a n a l y s i s  techniques,  transport-parameter comparison 
between these tests is d i f f i c u l t .  In  a d d i t i o n ,  the  tracer tests 
performed at t h e  H-3 hydropad are the o n l y  tests which t o  date have 

been analyzed wi th  a double-porosity transport model. Results f r a n  
the  H-3  tracer-test a n a l y s i s  appear i n  Table 7.2. For modeling 
purposes, t h e  secondary porosity is assuned equal t o  2 x I t  is 

understood that t h i s  number is uncertain w i t h  respect t o  being 
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r ep resen ta t ive  over' the model mea, s i n c e  i t  w a s  determined at a 
s i n g l e  hydropad l o c a t i o n .  

Compress ib i l i t y  of the P r i m a r y  Mediun 

The compress ib i l i ty  of the primary medim is taken t o  be equal t o  the  

s ingle-poros i ty  rock c a n p r e s s i b i l i t y  as calculated i n  Sec t ion  3.3.2. 
The primary-system mmpressibility is equal t o  7.57 x 10-l' m 2 / N  
assuming a primary porosity of 0.2,  an average f l u i d  dens i ty  of 
1.05 gm/an3, and an aqu i f e r  th ickness  equal t o  8 m .  

I n  order t o  preserve the s ingle-poros i ty  s t o r a t i v i t y  i n  the  double- 
porosity model, the primary-mediun c o m p r e s s i b i l i t y  w a s  ladered t o  
6.81 x 10-l' m2/N.  

compress ib i l i ty  of t h e  Secondary Mediun 

The compress ib i l i ty  of the  secondary system w a s  taken t o  be equal t o  
7.57 x m2/N,  i .e.,  approximately one order of magnitude greater 
than  the primary compress ib i l i t y .  This  dec is ion  is based upon two 
l i n e s  of reasoning. Both Danenico (1972) and Freeze and Cherry (1979) 
suggest  that  t h e  compress ib i l i ty  of a j o i n t e d  rock is approximately 
one order of magnitude greater than  the canpress ib i l i ty  of a sound 
rock. Also, w i t h  t he  a v a i l a b i l i t y  of double-porosi ty  hydraulic 

parameters f o r  the  Culebra (Table 7.31, one can approximate the  ra t io  
between t h e  pr imary and secondary compressibilities. From Equation 
7-1, one can see that  the dimensionless secondary-system s t o r a t i v i t y  
(01 is amposed of both the  primary and secondary porosities and 

compressibi l i t ies .  By assuning that the primary and secondary 
porosities are equal t o  0.2 and 2 x 10-3, r e s p e c t i v e l y ,  and that 
C d C V r  is equal t o  10, Equation 7-1 y i e l d s  a dimensionless secondary- 
system s t o r a t i v i t y  equal t o  0.09. The average observed w reported i n  
Table  7.1 is 0.13, which compares r e l a t i v e l y  w e l l  w i th  the 

calculated w of 0.09. 
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Mat ri x-Block Length 

As introduced i n  Sec t ion  3.1.4, the  mat r ix  may be conceptualized as 
being in t e r sec t ed  by p a r a l l e l  non-intersect ing fractures or  i n t e r s e c t -  
i ng  sets of fractures (Figure 3.1) .  Fran r e v i w  of both l i terature 
and Culebra core fran seve ra l  boreholes at t h e  WIPP s i te ,  it w a s  
mncluded that both hor izonta l  and high-angle fractures are present  i n  
t he  Culebra wi th in  t h e  WIPP area (Kelley and Pickens,  1986). There- 

fore ,  for  this modeling exercise the Culebra mat r ix  is assuned t o  be 
bounded by three o r t b g o n a l  sets of f r a c t u r e s  and, nune r i ca l ly ,  the 

mat r ix  is approximated by spheres whose dimeters are equivalent  t o  
t h e  fracture spacing. 

Because of the large degree of heterogenei ty  wi th in  the  Culebra at the  

WIPP s i t e ,  i t  is probably inaccura te  t o  model the e n t i r e  model region 
wi th  one matrix-block s i z e .  Since the matrix-block length data base 
is extranely l i m i t e d ,  knowledge of its v a r i a b i l i t y  acrcss the  WIPP 

s i t e  cannot be estimated. Therefore, as a first approximation the 

matrix-block s i z e  is considered t o  be a hanogene6us property within 
the modeled region.  Based upon d o u b l e p o r o s i t y  tracer-test ana lyses ,  
Ke l l ey  and Pickens (1986) report matrix-block s i z e s  ranging fran 0.25 
t o  2.1 m at the H-3 hydropad (Table 7 .2) .  Fran hydraulic double- 
poros i ty  test results (Table 7.31, matrix-block lengths  can be calcu- 
la ted ,  but t hey  are not  i n  agrement  wi th  d o u b l e p o r o s i t y  tracer-test 
results and are more than an order of magnitude greater than  the  

observed thickness  of the Culebra. Due t o  obvious problems i n  
conceptualizing block s i z e s  larger than  the  a q u i f e r  t h i ckness ,  t he  

block s i z e  is based upon tracer-test analyses and core descriptions. 
Matrix-block l e n g t h  i n  the p resen t  simulations w i l l  vary fran 1 t o  4 m 
w i t h  2 m being chosen as the i n i t i a l  i n p l t  value.  Table 7.4 lists the 

i n i t i a l  input  parameters f o r  t h e  SWIFT I1 d o u b l e p o r o s i t y  simulations. 
All f l u i d  properties and other phys ica l  constants  not discussed i n  
this s e c t i o n  are equal t o  t h e  values appearing i n  Table 3.4. 
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7 . 3  Preliminary Scoping Calculations 

..- 

As a precursor t o  the  nuner ica l  simulations u t i l i z i n g  SWIFT 11, s imple  
a n a l y t i c a l  relationships were used t o  provide an estimate of the double- 
porosi ty  f lw effects t o  be expected. I n  this por t ion  of the report, 
both theoretical and amceptua l  models w i l l  be introduced t o  predict 
both the  behavior and n e c e s s i t y  of a d o u b l e p o r o s i t y  f l w  model for  
s imula t ion  of t r a n s i e n t  flow i n  the  Culebra at the scale chosen fo r  this 

s tudy .  

S t r e l t s o v a  (1983) notes  that the time requi red  for e q u i l i b r a t i o n  between 
fracture and mat r ix  (up t o  99%) is: 

2 '  
'I = 2.5 Lm/Dm e 

where Lm = matrix-block half length ;  
DA = matr ix  hydraulic d i f f u s i v i t y .  

( 7-5 ) 

T h i s  r e l a t i o n s h i p  is derived f r a n  a s o l u t i o n  t o  the  d i f f u s i o n  equat ion 
for a f i x e d ,  but time-dependent, pressure at t h e  f r ac tu re /ma t r ix  
i n t e r f a c e  and a no- f lm boundary condi t ion  at the symmetry boundary i n  
the matr ix .  The s i g n i f i c a n c e  of t h i s  relationship is t h a t  a l l  ma t r ix  
blocks, regardless of t he i r  d i s tance  f r a n  the hydraul ic  d i s tu rbance ,  
w i l l  reach e q u i l i b r i u n  w i t h  t h e  fracture f l u i d  at the sane time, 
assuning homogeneous matrix properties.  For any  time greater than  the  

ma t r ix  time constant ( T ~ )  , the  r e s e r v o i r  hydraulic response is t y p i c a l  
of a s ing le -poros i ty  r e s e r v o i r  w i th  composite properties of both media. 
The pressure behavior after t > -re corresponds t o  the  second semi-log 
straight l i n e  fo r  the t o t a l  system (t > t2  of F igure  7.1). 

Equation 7-5 can be used t o  predict i f  t r a n s i e n t  d o u b l e p o r o s i t y  
pressure responses w i l l  be an important f a c t o r  i n  the time f r a n e  of a 
modeling effort. For time greater than T~ , t h e  systgn behaves as a 
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s ingle-poros i ty  system and i t  becomes more e f f i c i e n t  and as accurate t o  
model t h e  system as such. For times less than T , one m u s t  model t h e  

system as a double-porosity system t o  s imulate  the  correct pressure 
response. Double-porosity t r a n s i e n t  pressure  responses can be modeled 

by a code such as SWIFT I1 if  one uses time steps much smaller than the 

mat r ix  time constant (-re) . 

e 

1 
I n  Equation 7-5, t h e  matrix hydraul ic  d i f f u s i v i t y  (Dm) can be expanded 
to: 

where K, = hydraul ic  conduct ivi ty  of the  matrix; 

p = dens i ty  of t h e  r e s e r v o i r  f l u i d ;  

+m = 
poros i ty  of the matrix;  

CY = compress ib i l i ty  of the matrix; 
B = compress ib i l i ty  of water. 
g = gravi  t a t i  onal accel e r a t  i on 

By s u b s t i t u t i n g  Equation 7-6 i n t o  7-5, one can see tha t  t h e  parameters 
which introduce the g r e a t e s t  degree of uncer ta in ty  i n  c a l c u l a t i n g  the 

time constant ( - r e )  are matrix-block half l eng th ,  hydraulic conduct iv i ty ,  
po ros i ty ,  and the compress ib i l i ty  of the  matrix. To address the uncer- 
t a i n t y ,  each of these parameters were given ranges and an associated 
time constant w a s  calculated. The matrix time constant  is inve r se ly  
proport ional  t o  hydraulic conduct ivi ty  of the mat r ix  and proport ional  t o  
the  matrix-block ha l f  l eng th  squared. 

For the first set of t i m e c o n s t a n t  ca l cu la t ions ,  bo th  mat r ix  po ros i ty  
and matrix-block half  l eng th  were allowed t o  vary (Table 7 .5) .  Poros i ty  
w a s  var ied f r a n  0.1 t o  0.3, which is representa t ive  of the observed core 
ana lys i s  range of 0.07 t o  0.29 (Table 7 . 1 ) .  Matrix-block nalf  l e n g t h  
w a s  var ied f r a n  0.5 t o  4 m ,  which corresponds t o  a f rac ture-spac ing  
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range of 1 t o  8 m. The calculations u t i l i z e d  a primary-mediun hydraulic 

conduct iv i ty  equal t o  2.63 x 10-l' m / s .  The minimm time constant 
calculated is 8.3 x lo2 s ,  and the maximun is 5 .3  x lo5 s or 
approximately 6 days. 

For the second set of t i m e c o n s t a n t  c a l c u l a t i o n s ,  both hydraulic 
conduct iv i ty  of the matrix and matrix-block half l e n g t h  were varied 
(Table 7.6) .  Hydraulic conduct ivi ty  w a s  var ied fran 2.6 x 10-l' t o  
2.6 x m / s ,  which is canparable t o  the  observed core hydraulic 

conduc t iv i t i e s  which were calculated t o  range from 8.3 x t o  
5.4 x 10-7 m / s .  The minimun time constant  is 5 s ,  and the highest  is 
3.6 x 1 O5 s or approximately 4 days .  

For t h e  t h i r d  set of time-constant calculations, both matrix compres- 
s i b i l i t y  and matrix-block half l eng th  were var ied (Table 7 .7) .  As 

described i n  Sec t ion  7.2,  the  primary-mediun compress ib i l i t y  is equal t o  
6.81 x m2/N. Freeze and Cherry (1979) show tha t  the compres- 
s i b i l i t y  of a sound rock may vary up t o  three orders of magnitude. 
Therefore, f o r  s e n s i t i v i t y  purposes,  primary-mediun compress ib i l i t y  w a s  
var ied  fran 6.81 x t o  6.81 x m2/N. This range is not meant 
t o  represent  an observed range of valves  f o r  t he  Culebra but is chosen 
t o  s h o w  the time-constant s e n s i t i v i t y  t o  primary-mediun compress ib i l i ty .  
The minimun time constant calculated is 2550 s and t h e  l a rges t  is 
2 .2  x s or approximately 25 days.  

For those mat r ix  parameters thought t o  be most r e p r e s e n t a t i v e  of the 

Culebra (Table 7.41, the time constant ( T ~ )  is equal t o  2.2 x lo4 s or 
approximately s i x  hours. These calculations s b w  t h a t  even i n  the  most 
conservat ive case the  time t o  reach coupled-pressure response between 
the  pr imary and secondary media is approximately 25 days .  For the  

time-constant calculations thought t o  be m o s t  r e p r e s e n t a t i v e  of the 

Culebra,  coupl ing of the two media takes place w i t h i n  6 hours. I n  areas 
where t h e  primary mediun hydrau l i c  conduct ivi ty  is greater than  
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2.63 x m/s, fo r  example at the  H-3 hydropad, the time constant i s  
s u b s t a n t i a l l y  less. T h i s  conclusion is strengthened by t h e  f ind ings  of 
Beauheim ( i n  prepara t ion)  which s b w  that the t r a n s i e n t  d o u b l e p o r o s i t y  
pressure  response at  H - 3  is canplete  within one hour. 

Based upon these t i m e c o n s t a n t  ca l cu la t ions ,  t h e  Culebra dolanite is 
expected t o  behave hydrau l i ca l ly  as a s i n g l e p o r o s i t y  r e s e r v o i r  for  a l l  
t i m e s  greater than a day. If one desired t o  model the l o c a l  t r a n s i e n t  
d o u b l e p o r o s i t y  hydraul ic  response on a hydropad scale dur ing  t h e  H-3 
multipad test, one would need t o  decrease time steps t o  increments much 
less than  the calculated time constant f o r  the  matr ix .  For purposes of 
modeling regional  f lw  at the WIPP s i t e ,  t h i s  would be inappropr ia te  for  
i n v e s t i g a t i n g  t h e  long-term t r a n s i e n t  effects of t h e  sha f t  a c t i v i t i e s  
and local pumping dur ing  pumping tests. 

As previously stated, the assunption tha t  both the  s ing le -  and double- 

po ros i ty  so lu t ions  w i l l  be i d e n t i c a l  after a time equal t o  the time 
constant assunes a a n s t a n t  f l u i d  dens i ty  wi th in  t h e  r e se rvo i r .  Brine 
t r anspor t  s b u l d  remain t r a n s i e n t  fo r  much larger time periods than the  

pressure  f i e l d .  This  should affect global f r a c t i o n a l  br ine  concentra- 
tions and u l t imate ly  the calculated freshwater e l eva t ions .  I t  is not 
f e l t  tha t  these effects w i l l  be s i g n i f i c a n t  and the s ingle-  and double- 
poros i ty  simulations should remain very clcse. Due t o  the very s m a l l  
time cons tan ts  i n  r e l a t i o n  t o  t h e  dura t ion  of the hydraulic dis turbances 
being modeled, t h e  r e s e r v o i r  w i l l  behave as a s i n g l e p o r o s i t y  mediun 

with a cmposite hydraul ic  d i f f u s i v i t y  r ep resen ta t ive  of both the  

primary and secondary media combined. This implies  that f o r  regional-  
scale flow s t u d i e s  at t h e  WIPP s i t e ,  s i n g l e p o r o s i t y  models are adequate 
i f  the t r a n s m i s s i v i t y  is representa t ive  of the secondary mediun and t h e  

storage coef f i ci e n t  is rep resen ta t i  ve of the primary medi un . However, 
due t o  the much smaller molecular d i f f u s i v i t y  of the primary mediun, i t  
is f e l t  tha t  a double-porosity model is necessary t o  model solute 
t ranspor t  (i  .e . ,  f o r  a breach scena r io )  i n  t he  more permeable regions of 
t h e  Culebra at t h e  WIPP si te.  
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To v e r i f y  these conceptual inferences and scoping calculations, a series 
of d o u b l e p o r o s i t y  s imulat ions were conducted using SWIFT. 11. 

7.4 Discussion of the Double-Porosity Simulation R e s U l t s  

A d o u b l e p o r o s i t y  s imula t ion  w a s  performed wi th  the t r a n s i e n t  densi ty-  

calibrated model discussed i n  Sec t ion  5.5. The input  pa rane te r s ,  which 

are d i f f e r e n t  than t b s e  used i n  t he  s i n g l e p o r o s i t y  r m ,  appear i n  
Table 7.4. The matrix is modeled as spheres which conceptual ly  
represent v e r t i c a l  and hor izonta l  fractures wi th in  the Culebra. 

The d i f f e rences  between t h e  s i n g l e p o r o s i t y  and d o u b l e p o r o s i t y  simula- 
tions are minimal. Figure 7 .2  shows equivalent  f reskwater  head a t  the  

H-1 and H-3  hydropads fo r  both s ingle-  and d o u b l e p o r o s i t y  simulations. 
The greatest o b e r v e d  d i f f e rence  between the two simulations is 0.2 m 
and occurs due t o  t h e  operations at the  cons t ruc t ion  and sa l t -hand l ing  
shaft and waste-handling shaft fran October 24, 1981 t o  February 21, 
1982. Within the  remainder of t he  s imula t ion  time per iod ,  both models 
predict  freshdater e leva t ions  i d e n t i c a l  t o  w i t h i n  a f a  cent imeters .  

F igure  7.2 a lso shows equiva len t  freshwater heads versus time at the H-3 
hydropad. A t  H-3, t h e  greatest o b e r v e d  d i f f e rence  is approximately 
0.02 m and aga in  occurs  dur ing  sha f t  operations from August 7, 1981 t o  
February 21, 1982. During t h i s  period the Culebra w a s  d r i l l e d  i n  the  

cons t ruc t ion  and sa l t -hand l ing  sha f t  and b r i n e  was added t o  the  s h a f t .  

After the  Culebra w a s  cemented i n  the cons t ruc t ion  and sa l t -hand l ing  
s h a f t ,  the  Culebra w a s  d r i l l e d  i n  the w a s t e h a n d l i n g  shaft (see 
Sec t ion  5 .1) .  

I n  Sec t ion  7 .3  it w a s  predicted that, 24 hours after a given hydraulic 

disturbance, one could expect the s i n g l e  and d o u b l e p o r o s i t y  
simulations t o  match. T h i s  conclusion w a s  based upon the assunpt ion 
that br ine  concentrat ion does not v a r y  i n  space or time. I n  f a c t ,  b r i n e  
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concent ra t ion  is va r i ab le .  Therefore,  the s ing le -  and double-porosity 
so lu t ions  should not agree u n t i l  t h e  fracture and mat r ix  e q u i l i b r a t e  
w i t h  respect t o  br ine  concentrat ion.  By using Equation 7-5 and 
rep lac ing  hydraulic d i f f u s i v i t y  with molecular d i f f u s i v i t y ,  one can 
calculate t h e  time i t  would take for  t h i s  e q u i l i b r a t i o n  t o  take place 
wi th in  99%. Assuming a t o r t u o s i t y  of 0.5, a free-water d i f fus ion  
coe f f i c i en t  of 2 x m 2 / s ,  and a porosity of 0.2, t he  molecular time 
constant equals  approximately 400 years. A s  is reflected i n  Figure 7.2,  
the  t r a n s i e n t  br ine  effect upon the  d o u b l e p o r o s i t y  s o l u t i o n  becomes 
i nsignif  i cant a t  much earlier t i m e s .  

The reason that the  t r a n s i e n t  br ine  effect becomes i n s i g n i f i c a n t  t o  the 

global-pressure so lu t ion  at such early times is tha t  the gradien t  
between the fracture and t h e  matr ix  is largest at e a r l y  times and 

quickly decreases. Although t h e  fracture and the  mat r ix  exchange 
s o l u t e s  t o  sane degree throughout the s imula t ion ,  the  la te  time changes 
i n  br ine  concentrat ion wi th in  the global blocks caused by d i f f u s i o n  i n t o  
the matr ix  are minimal. Therefore,  at la te  t i m e s  the br ine  
concentrat ion i n  the  global block ( t h e  pressure  fran which the water 
l e v e l  is calculated) e s s e n t i a l l y  remains constant .  

7.5 Conclusions fran Double-Porosity Simulations 

This double-porosity s imulat ion y i e l d s  two s i g n i f i c a n t  f i nd ings  fo r  
f u t u r e  modeling efforts wi th in  the  Culebra at the  WIPP s i te .  

(1 )  Doubleporos i ty  pressure effects are i n s i g n i f i c a n t  i n  regional-  
scale hydrologic  modeling. 

(2) A t r a n s i e n t  var iab le-dens i ty  s ing le-poros i ty  model appears t o  be 
adequate f o r  modeling multipad-scale tests wi th in  t h e  Culebra. 
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8 . 0  CONCLUSIONS 

Based on the  eva lua t ion  of the e x i s t i n g  data base (Chapter 3 ) ,  on the 

result of the  steady-state and t r a n s i e n t  s imula t ions  (Chapter 4 and 5 ) ,  
and on the s e n s i t i v i t y  analyses  (Chapter 6 and 71, t h e  f o l l m i n g  main 
conclusions were developed. 

1. 

2. 

The e x i s t i n g  f i e l d  t r ansmiss iv i ty  data on the  Culebra dolanite were 
analyzed by means of kr ig ing  techniques and used t o  estimate the  

i n i t i a l  t ransni i ss iv i ty  d i s t r i b u t i o n  of t h e  modeled reg ion  under 
s t eady- s t a t e  flcw condi t ions .  The i n i t i a l  t r ansmiss iv i ty  
d i s t r i b u t i o n  is charac te r ized  by in te rmedia te  transmissi vi ti es 
( T  = loe6 - m 2 / s >  which preva i l  i n  large p a r t s  of the model 
area. Higher t r a n s m i s s i v i t i e s  ( T  = l oW5 - l o e 4  m 2 / s >  occur i n  t h e  

western pa r t  of the  model area while lower t r a n s m i s s i v i t i e s  
(T  = m 2 / s )  were f o m d  at H-4 and P-17 as well a s  i n  t he  

e a s t e r n  pa r t  of the model a rea .  

- 

I n  order  t o  calibrate the steady-state model, it w a s  necessary t o  
incorpora te  a high-transmissivi ty  m n e  ( T  = lo-' m2/s or more) i n t o  
the model between H-11 and the southern  model boundary ( w i t h  or 
without a low t r ansmiss iv i ty  zone (T=10e7 m 2 / s  and less) between 
WIPP-12 and H - 5 ) .  The presence of t h i s  h igh- t ransmiss iv i ty  zone is 
evidenced by t h e  lower hydraul ic  grad ien ts  observed i n  t he  southern 
part of the model. I n  add i t ion ,  i t  is necessary t o  d r a i n  enough 
water f r a n  the area of H-11 and DOE-1 so  t h a t  the calculated 
s t eady- s t a t e  freshwater heads are cons is ten t  w i th  the o b e r v e d  
values.  The exact l o c a t i o n  of t h e  high-transmissivi ty  m n e  is 
unknown, but best model r e s u l t s  were obtained by p lac ing  i t  a b u t  
1 km east of P-17. Curren t ly ,  i t  is not poss ib l e  t o  calibrate the 

model wi th  t he  high-transmissivi ty  zone implemented w e s t  of P-17. 
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3. Simulating t h e  Culebra do lan i t e  as a s i n g l e ,  completely conf'ined 
l a y e r  is probably an oversimplif icat ion of t h e  real s i t u a t i o n .  It 

is possible  t o  calibrate the s t eady- s t a t e  model aga ins t  t h e  bes t  

estimate of t h e  undisturbed freshwater heads. I t  is not possible 

t o  calibrate the s teady-state  model such that the observed 
f ormation-fluid dens i ty  d i s t r i b u t i o n  is canp le t e ly  reproduced by 
the  model. One of the possible  reasons fo r  the  remaining 
discrepancies between the calculated and t h e  observed dens i ty  
d i s t r i b u t i o n s  is that the hydrogeology of the Culebra d o l a n i t e  is 
influenced by v e r t i c a l  f l uxes  through the confining l a y e r s  above 
and belm the Culebra do lan i t e .  

4. A s e n s i t i v i t y  a n a l y s i s  with respect t o  the p o s s i b i l i t y  of v e r t i c a l  
f l uxes  i n t o  t h e  Culebra d o l a n i t e  w a s  conducted. The results 
ind ica t e  tha t  the s t eady- s t a t e  model is moderately s e n s i t i v e  t o  
v e r t i c a l  f l u x  as f a r  as the pressures are concerned. The model is 
very s e n s i t i v e  t o  v e r t i c a l  f l u x  wi th  respect t o  the formation-water 
d e n s i t i e s .  I n  add i t ion ,  it is possible t o  remove sane of the 

remaining inconsis tencies  between the  calculated and the  observed 
dens i ty  d i s t r i b u t i o n s  by using v e r t i c a l  f lux.  Furthermore, i t  is 
considered t o  be d i f f i c u l t  t o  exclude the  p o s s i b i l i t y  of any 
v e r t i c a l  f l u x  i n t o  or out of the  Culebra do lan i t e .  Therefore, 
f u t u r e  modeling s t u d i e s  s b u l d  not attempt t o  sirnulate t h e  Culebra 

dolanite as a canpletely confined hydraul ic  system but rather as a 
leaky-confined aqu i f e r .  Col lect ion of f l u i d  data on heads and 

permeabi l i t ies  of the  other Rustler members would aide this 
model i ng cons i derabl y . 

5. I t  is not possible t o  simulate r e a l i s t i c a l l y  the H-3 mult ipad  pump- 

i n g  test without considerat ion of p r e t e s t  t r a n s i e n t  events because 
the hydraul ic  s i t u a t i o n  i n  the Culebra d o l a n i t e  has been influenced 
s i n c e  1981 by various d r i l l i n g  and t e s t i n g  a c t i v i t i e s  at t h e  sha f t s  

and the borehole locations. An evaluat ion of the water-level 
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measurements l e d  t o  the conclusion tha t  the a c t i v i t i e s  i n  the  three 
shaf t s  were the dominant hydraulic d is turbances  during these years .  
Therefore ,  a s i m p l i f i e d  but m p l e t e  shaft pressure  h i s t o r y  w a s  
implanented i n t o  the t r a n s i e n t  model. 

6. The t r a n s i e n t  modeling, which included the  s imula t ion  of the shaft 
h is tory  as well as of several well tests, resulted genera l ly  i n  
good a g r e m e n t  between t h e  ca l cu la t ed  and the observed pressures  at 
t h e  well locations. The a g r e m e n t  is good enough t o  allow the 
conclusion t h a t  the model t r a n s m i s s i v i t i e s  used between H - 3  and 
H-1, H-2 ,  DOE-1, H-11, and the  s h a f t s  are reasonably r ep resen ta t ive  
of the real t r ansmiss iv i ty  d i s t r i b u t i o n .  

7 .  

-- 

It w a s  not poss ib le  t o  simulate t h e  observed t r a n s i e n t  pressures  at 
the  shaft l o c a t i o n  and at the WIPP wells no r th  of it (WIPP-22, 

WIPP-21, WIPP-19) dur ing  t h e  H-3 multipad punping test by imple- 
menting on ly  the recorded shaft h i s t o r y  and well tests. It w a s  
hypothesized that  an add i t iona l  leakage i n  t h e  waste-handling s h a f t  
had caused the  add i t iona l  pressure drawdown i n  t he  above-mentioned 
wells. The implanentation of such add i t iona l  leakage dur ing  the 

latter part of the  H-3  multipad pumping t e s t  and t h e  subsequent 
recovery period resulted i n  a much better ag remen t  between the  

calculated pressures  (at WIPP-22, WIPP-21 and WIPP-19) and the  

observed data. T h u s ,  i t  seems l i k e l y  t h a t  t h e  observed freshwater 
heads i n  t h e  f a l l  of 1 9 8 5  and the first half of 1 9 8 6  were 
inf luenced by two p a r t i a l l y  concurrent events:  t h e  H-3 multipad 
pumping test and an add i t iona l  leakage i n  t he  waste-handling shaft. 

8. A s e n s i t i v i t y  ana lys i s  using the d o u b l e p o r o s i t y  flow conceptual- 
i z a t i o n  of SWIFT I1 w a s  conducted i n  order  t o  assess t he  impact on 
the  model results caused by s impl i fy ing  the  model conceptua l iza t ion  
t o  a s ing le -poros i ty  approach. For t h e  purpose of reg iona l  flw- 

f i e l d  determinat ion,  t h e  d o u b l e p o r o s i t y  flow conceptua l iza t ion  
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does not provide si gnif i cant ly  d i f f e r e n t  results f ran those 
obtained using the  s i n g l e p o r o s i t y  conceptual izat ion.  Therefore ,  
t h e  use of a s ingle-poros i ty ,  or  porous-mediun-based, modeling 
approach is considered va l id  f o r  the s p a t i a l  and tgnporal node1 
scales presented i n  t h i s  r epor t .  
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H-5b 

H-6b 

H-7bl 

H - 7 ~  

H-7b2 

H-8b 

VIM Coordinates 

m North 

35 81 672 

35 81 642 

35 81 660 

35 80 892 

35 80 894 

35 80 866 

35 78 480 

35 78 496 

35 84 809 

35 84 989 

35 74 648 

35 74 639 

35 63 557 

m East 

6 13 427 
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6 12 668 

6 13 723 
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6 12 377 

6 12 403 
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6 10 600 

6 08 126 

6 08 097 
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X 
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** 
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** based on f i e ld  measurements r e l a t ive  t o  H-3bl (INTERA) 

Closest 
Sat. 
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H- 1 

H- 1 

H- 1 

H-4b 
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Well 

H-9a 

H-gb 

H-gc 

H-lob 

H-llb3 

H- 12 

D3E- 1 

DOE-2 

P-14 

P-15 

P-17 

P-18 

WIPP-12 

WIPP- 13 

WIPP-18 

WIPP-19 

WIPP-21 

WIPP-22 

Table 3.lb 

UTM Coordinates 

m North 

35 68 265 

35 72 476 

35 79 134 

35 75 442 

35 80 298 

35 85 119 

35 81 972 

35 78 739 

35 77 453 

35 80 349 

35 83 520 

35 84 245 

35 83 191 

35 82 776 

35 82 339 

35 82 641 

rn East 

6 13 990 

6 22 979 

6 15 360 

6 17 018 

6 15 196 

6 13 720 

6 09 084 

6 10 625 

6 13 927 

6 18 376 

6 13 711 

6 12 844 

6 13 736 

6 13 740 

6 13 746 
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1984 Report Well 
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H- 1 

H-1 

H- 1 
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dIPP-25 

dIPP-26 

d1pp-27 

dIPP-28 

EJIPP-29 

dIPP-30 

ms * 

* 

UTM Coordinates Derived frm Closes t 
Sat. Sandia Sat. 

Survey Basic Data Surveyed 
rn North m East 1984 Report Well 

35 84 025 

35 81 041 

35 93 077 

35 94 682 

35 78 773 

35 89 707 

6 06 387 

6 03 995 

6 04 433 

6 11 266 

5 96 941 

6 13 717 

35 82 066 6 13 581 

Waste-Handling Shaft 
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U T M  Coordinates of the model-area corners: 

South-west corner: 35 74 260 mN 6 06 680 mE 

South-east corner: 35 74 260 mN 6 18 920 mE 

North-east corner: 35 85 960 mN 6 18 920 mE 

North-west corner: 35 85 960 mN 6 06 680 mE 

Dimensions of the model area: 

East - West: 
North - South: 
Area : 

Grid block dimensions (m): 

From West t o  East: 

From South t o  North: 

12.24 km 

11.70 km 

143.21 km2 

960, 960, 960, 640, 800, 

600, 600, 380, 180, 160, 

200, 200, 200, 120, 120, 

120, 120, 200, 300, 370, 
250, 150, 160, 310, 400, 

500, 600, 600, 1080. 

780, 800, 1180, 860, 470, 

260, 260, 520, 430, 320, 

320, 320, 240, 260, 260, 

260, 190, 140, 140, 140, 

160, 140, 140, 190, 300, 

360, 220, 220, 220, 320, 

640, 640. 

Drawn by I Date I 
Coordinates and Dimensions of the 
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Well 

H- 1 

H -2a 

H- 2b 

H-2c 

H-3bl 

H-3b2 

H - 3b3 

H-4a 

H-4b 

H - 4 ~  

H - 5 a  

H-5b 

H - 5 c  

H-6a 

H-6b 

H-6c 

H-7a 

Elevation O f  The Culebra Dolanite 

Bot t an* 
Cm a.s.l.1 

822.3 

832.4 

832.6 

830.5 

821.3 

819.5 

820.3 

856.8 

857.9 

858.2 

788.2 

788.1 

787.0 

828.7 

828.8 

828.9 

880.4 

Top* 
Cm a . s . l . 1  

829.3 

839.1 

839.3 

839.0 

828.5 

826.8 

827.3 

864.0 

865.9 

866.1 

795.2 

795.1 

794.6 

835.7 

835.8 

835.9 

891.7 

Center* 
Cm a . s .1 . l  

825.8 

835.8 

836.0 

834.8 

824.9 

823.2 

823.8 

860.4 

861.9 

862.1 

791.7 

791.6 

790.8 

832.2 

832.3 

832.4 

886.1 

* Note: L a s t  f i gu re  of reported values is rounded. 

Thickness O f  
The Culebra 

Dol m i t e *  
Cm I 

7.0 

6.7 

6.7 

8.5 

7.3 

7.3 

7.0 

7.3 

7.9 

7.9 

7.0 

7.0 

7.6 

7.0 

7.0 

7.0 

11.3 

Jmwn by 
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Dote 

Dote 

Dote 
Elevation and Thickness of the  

Elevation O f  The Culebra Dolanite Thickness O f  
The Culebra 

Bottom* Top* Cent e r* Dol omi t e* 
Well [m a .s . l .1  [m a.s.1.) [m a . s . l . 1  Cm 1 

~ 

H-TD 880.4 891 -7  886.1 11.3 

Culebra Dolcmite 

H-7b2 880.4 891.7 886.1 11.3 

H-8b 858.6 866.6 862.6 7.9 

H-9a 831.3 840.5 835.9 9.1 

H-gb 831.4 840.5 836.0 9.1 

H-9C 831.5 840.6 836.0 9.1 

H-1 Ob 699.9 709 3 704.6 9.4 

H-1 1 b3 807.5 815.2 811.4  7.6 

H-12 784.5 792.7 788.6 8.2 

DOE-1 798.6 805.6 802.1 7.0 

DOE-2 784.0 790.8 787.4 6.8 

P- 1 847.4 855.6 851.5 8 .2  

P-2 791.4 799.3 795.4 7.9 

P-3 828.3 835.3 831.8 7.0 

P-4 802.2 81 0.4 806.3 8.2 

P-5 805.8 81 2.8 809.3 7.0 

P -6 851.6 858.6 855.1 7.0 

* Note: L a s t  f igure  of reported values is rounded. 

I wm Technologies I I Table  3.3b 



Well 

P -7 

P -8 

P -9 

P-10 

P-11 

P-12 

P-1 3 

P-14 

P-15 

P-16 

P-17 

P-18 

P-19 

P-20 

WIPP- 1 1 

WIPP-12 

WIPP-13 

* Note: 

Irawn by 

:hacked by 

Pevisions 

Elevation O f  The Culebra Dolmite Thickness O f  
The Culebra 

Bottom* Top* Center* Dol omi t e* 
[m a.s. l .1 Cm a.s.l.1 Cm a .s . l .1  Cml 

Date 

Date 

Date 
Elevation and Thickness of the 
Cul ebra Dolani t e  

856.5 864.4 860.5 7.9 

838.4 846.0 842.2 7.6 

809.1 81 6.1 81 2.6 7.0 

777.9 785.8 781.9 7.9 

782.1 790.0 786.1 7.9 

828.4 835.4 831.9 7.0 

828.5 835.5 832.0 7.0 

842.8 849.6 846.2 6.7 

876.1 882.9 879.5 6.7 

851.9 858.9 855.4 7.0 

838.6 846.2 842.4 7.6 

773.5 782.4 777.9 8.8 

776.6 785.8 781.2 9.2 

784.5 792.4 788.5 7.9 

780.0 787.0 783.5 7.0 

803.6 811.2 807.4 7.6 

81 6.7 823.7 820.2 7 .O 

L a s t  figure of reported values is rounded. 

I wm Technologies I I Table 3 . 3 ~  



Elevation O f  The Culebra Dolanite Thickness O f  
The Culebra 

Bottom* Top* Center* Dol omi t e* 
Well [m a.s. l .1 [m a.s.l.3 [m a.s.l.1 C m l  

WIPP- 1 4 790.3 796.1 793.2 5.8 

WIPP-18 807.9 81 4.6 811.2 6.7 

WIPP-19 808.7 81 6.6 81 2.6 7.9 

1 WIPP-21 81 2.6 81 9.9 81 6.3 7.3 

1 WIPP-29 893.7 904.4 899.0 10.7 

WIPP-22 811.3 81 8.0 81 4.7 6.7 

WIPP-25 834.2 843.4 838.8 9.1 

WIPP-26 896.6 904.2 900.4 7.6 

WIPP-27 870.0 879.2 874.6 9.1 

WIPP-28 884.2 892.2 888.2 7.9 

~ WIPP-30 844.6 851.6 848.1 7.0 

~ WIPP-33 836.7 845.3 841 .o 8.6 

Checked by 

Revisions 

Date 

Date Elevation and Thickness of the 
Culebra Dolanite 

WIPP-34 784.0 792.2 788.1 8.2 

ERDA-6 853.9 861.8 857.9 7.9 

ERDA-9 81 7.3 824.3 820.8 7.0 

CABIN BABY 865.8 871.4 868.6 5.6 

AEC-7 843.6 852.3 847.9 8.7 

AEC-8 81 3.2 820.8 81 7.0 7.6 

* Note: L a s t  f igure  of reported values is rounded. 
Drawn by I Date I 

I TQhln  3 3 A  
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Fluid Properties 
Compressibility of Water 
Thermal expansion factor of water 
Heat Capacity of water 
Fluid densities: flwaterfl 

br ine" 
Fluid viscosity: 

:hacked by 

Rock Properties 
Porosity 

Date 

Compressibility of the pore structure 
Heat capacity of the rock 
Rock density 

Transport Parameters 
Longitudinal dispersivity factor 
Transverse dispersivity factor 
Molecular diffusivity in the porous medium 
(includes porosity and tortuosity) 

: 

4.53 x m2/N (25OC) 

4.18 x lo3 J/kg°C 
1000 kg/m3 
2000 kg/m3 
1 x 10-3 Pas 

2.07 IPC 

0.2  
7.57 x 10-l' m2/N 
8.0 x lo2 J/kg°C 
2500 kg/m3 

50 m 

brawn by 1 Date I 

I wm Technologies I I Table 3.4 
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.- 

Transmissivity of the Culebra Dolanite 

Observation 
Well [m2/s  3 log Cm2/sI 

H-1 
H-2 

H -3 

13 -4a 
H-4b 
I-I-4~ 

H - 5 a  
H-5b 
H - 5 c  

H-6a 
H-6b 
H - 6 ~  

H-7b 
H-8b 
H-9b 
H-1 Ob 

H-1 ib3 
H - 1 2  

DOE- 1 

DOE-2 

P-14 

P-15 
P-17 
P-18 

7.5 x 10-8 -7.125 
6.0 10-7 -6.222 
4.0 x -5.398 

1 .4  x 10-6 
1.0 x 
1 . 1  x 10-6 

1.8 x 
2.1. x 
1 . 1  x 

7.8 x 
8.1 x 
7.8 x 

1 .2  x 
7.2 x 
1.8 x 
7.5 x 

0-7 
0-7 
0-7 

0-5 
0-5 
0-5 

0-3 

0-6 
0-4 
0-8 

1 . 1  10-5 
4.5 x 10-8 

3.6 10-5 
3.9 10-5 

2.5 10-4 

2.1 10-9 

8.9 x 
1.8 x loe6 

-5.854 
-6.000 
-5.959 

-6.745 
-6.678 
-6.959 

-4.108 
-4.092 
-4.108 

-2.921 
-5.143 
-3.745 

-4.959 
-7.347 

-7.125 

-4.444 
-4.409 

-3.602 
-7.051 
-5.745 
-8.678 

lrawn by 

lhscked by 

ievisions Date 
Transmissivity of t he  Culebra Dolomite 

I wm Technologies I I Table 3.5a 
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Transmissivity Of The Culebra Dolomite 

Observation 
Well 

I 
log Crn2/sl 

WIPP-25 
WIPP-26 
WIPP-27 
WIPP-28 
WIPP-29 
WIPP-30 

2.9 10-4 
1.3 10-3 
7.0 10-4 
1.9 10-5 
1.1 10-3 
3.2 10-7 

-3.538 
-2.886 
-3.155 
-4.721 
-2.959 
-6.495 

1 Revisions I Date I 
Transmissivity of the Culebra Dolomite 

I I wm Technologies I I Table 3.5b 
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,- 

Raw Non-Directional Semi-Variogram: 

Distance Mid point Number of Y 
interval (km) Pairs (constant drift) 

(h) 

0 - 3.5 2.286 

3.5 - 5.0 4.355 

5.0 - 6.5 5.170 

6.5 - 10.0 7.991 

10.0 - 12.5 0.792 

12.5 - 15.0 3.595 

15.0 - 20.0 17.022 

> 20.0 22.871 

55 0.9053 

46 2.1140 

48 2.3138 

104 2.3509 

46 2.5038 

51 3.6583 

51 2.8385 

28 

Theoretical Semi-Variogram: Consistency Check: 

Type : exponential Kriged Average Error : 0.066 

: Y(h = 0 )  = 0 Kriged Mean Square Error : 1.403 

: Reduced Mean Square Error: 1.007 Y(h > 0) = w ( 1  - e +'a) + c 

0 : 2.05 

a : 1.30 km 
C : 0.0 

Range : 3.9 km (3a) 
S i l l  : 2.05 ( w  + C )  

Nugget: 0.0 ( c >  

Drawn by 

Checked by Results of the Semi-Variogram Analysis 
ROVi8iOn8 (Culebra Transmissivities) 

I wm Technologies I ]-Table 3.6 
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O b s e r v a t i o n  
Well 

Drown by Date 

Checked by Dote 

Revisions Date 

H- 1 

H-2b 

~ - 3 b i  
H-4b 

H-5b 
H-6b 
H-7b 
H-8b 
H-gb 
H- lob  

H- l l*  
H - 1 2  

DOE-1  

DOE-2 
P-14 

P-15 
P-17 
WIPP-25 
WIPP-26 
WIPP-27 
WIPP-28 

WIPP-29 
WIPP-30 

~ 

Best Estimate of the Undisturbed 
Freshwater Heads i n  the Culebra Dolcmite 

E l e v a t i o n  O f  The 
C u l e b r a  Dolomite 

C e n t e r  
[m.a.s.l.l  

825 .8  
836.0 
824.9 
861.9 
791.6 
832.3 
886 .1  
862.6 
836.0 
704.6 
811.7 
788.6 
802.1 

787.4 
846 .2  
879.5 
8 4 2 . 4  
838.8 
900.4 
874.6 
888.2 
899 .O 
848.1 

* Average  v a l u e s  f rom H - l l b l ,  H - l l b 2 ,  and  H- l lb3  

Freshwater 
Head 

Cm.a.s.l.1 

921.6 
923.6 
917 .3  
913.2 
934.4 
932.2 
912.3 
911.5 
906.9 
920.0 
9 1 1 . 1  
912.0 
913.7 
934.0 
927 4 
917.4 
911 .2  
930.3 
918.8 
940.7 
933.2 
905 - 6  
929 4 

1 wm Technologies 1 1 Table 3.7 



c 

Drawn by 

Checked by 

Revisions 

Well Or 
Hydropad  

Date 

Date 

Date 
Best Estimate of t h e  Undisturbed Formation- 
Water Densities i n  t h e  Culebra Dolomite 

1.4 - 1 

H-2 

H - 3  
H - 4  

H - 5  
H-6 
H - 7  
N -8 
H - 9  
H-10 

H - 1 1  

H-12 

D O E - 1  

DOE-2 

P-19 

P - 1 5  
P-17 

P - 1 8  

WIPP-25 

WIPP-26 

WIPP-27 

WIPP-28 

WIPP-29 

WIPP-30 

Drawn by 

Checked by 

Revisions 

D e n s i t y  
c g /  cm3 I 

Date 

Date 

Date 
Best Estimate of t h e  Undisturbed Formation- 
Water Densities i n  t h e  Culebra Dolomite 

1 . 0 2 0  
1 . 0 1 0  

1 . 0 4 0  

1 . 0 1 5  

1 . 1 0 0  

1 . 0 4 0  

1 . o o o  
1 .ooo 
1 . ooo  
1 . 0 4 5  

1.085 
1 . 0 9 5  
1 . 0 9 0  

1 . 0 4 0  

1 . 0 1 5  

1 . 0 1 5  

1 . 0 6 0  

1 . 0 9 0  

1 . 0 1 0  

1 . 0 1 0  

1 . 0 9 0  

1 . 0 3 5  
1 . 2 1 5  

1.020 

I wm Technologies 1 Table 1.8 I wm Technologies I 1 Table 1.8 
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Grid Block Grid Block Freshwater 

Checked by 

Revisions 

Index* 

1 ,  1 
2, 1 
3, 1 
4, 1 
5, 1 

6, 1 
7, 1 
8, 1 
9, 1 
10, 1 

1 1 ,  1 
12, 1 
13, 1 
14, 1 
15, 1 

16, 1 
17, 1 
18, 1 
19, 1 
20, 1 

21, 1 
22, 1 
23, 1 
24, 1 
25, 1 

26, 1 
27, 1 
28, 1 
29, 1 
1,32 

Dote 

Dote 

Elevation** Head 
Cm a.s.l.1 Cm a.s.l.1 

889 .O 912.2 
884.5 911.8 
884 .O 911.2 
884.0 910.9 
884.0 910.3 

879.0 909.7 
869.0 909.3 
861 .O 909.0 
856 .O 908.8 
853.0 908.6 

850.0 908.4 
846.0 908.2 
843.0 908.0 
840.0 908.0 
838.0 907.9 

836.0 907.9 
834 .O 907.9 
832.0 907.9 
829.0 908.0 
824.0 908.8 

820.0 
817.0 
81 4 .O 

804.0 

799.0 
789.0 
779.0 
767.0 
849.0 

810.0 

909.2 
909.8 
910.0 
910.2 
910.4 

910.7 
911 .o 
911.5 
912.0 
934.2 

Density 

~g/cm31 

1.000 
1 .ooo 
1.010 
1.010 
1.020 

1.030 
1.040 
1.050 
1.050 
1.050 

1.060 
1.060 
1.060 
1.060 
1.070 

1.070 
1.070 
1.070 
1.070 
1.080 

1.080 
1.080 
1.090 
1.090 
1.090 

1.090 
1.100 
1 .lo5 
1 .lo5 
1.020 

Formation Brine 
Pressure Concent rat ior 
kPal *** 

328.8 
369.0 
368.1 
365.1 
359.2 

402.4 
496.5 
572.0 
619.1 
646.6 

674.0 
711.3 
738.8 
768.2 
786.8 

806.4 
826.0 
845.6 
876.0 
932.9 

976.1 
1011.4 
1042.8 
1083.9 
1 1  44.7 

1196.7 
1297.7 
1400.7 
1523.3 
936.8 

0.000 
0.000 
0.010 
0.010 
0.020 

0.030 
0.040 
0.050 
0.050 
0.050 

0.060 
0.060 
0.060 
0.060 
0.070 

0.070 
0.070 
0.070 
0.070 
0.080 

0.080 
0.080 
0.090 
0.090 
0.090 

0.090 
0.100 
0.105 
0.105 
0.020 

* Grid Block 1,l : South-west Corner 
Grid Block 29,l: South-east Corner ** Corresponds to the center of the grid blocks 

*** See explanation for model calculation of formation-water densitie: 
(section 5.3.1) 

Drawn by I Date I 

Initial Boundary Conditions 

I wm Technologies I I Table 3.9a 
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Grid Block Grid Block 

kawn by 

:hacked by 

levisions 

Elevation 
Cm a.s.1.) 

843 .O 
842 0 
841 .O 

828.0 

81 9.0 
810.0 
806.0 
802.0 
798.0 

794.0 
792.0 
790 .O 
788.0 
788.0 

788.0 
788.0 
787.0 
787.0 
787.0 

787.0 
787.0 
788.0 
789.0 
793.0 

798.0 
806 .O 
81 3.0 
889.0 
894.0 

894.0 
894.0 
893.0 

833.0 

Dote 

Date 

Dote 
Initial Boundary Conditions 

Freshwater 

Cm a.s.l.1 
Head 

934.5 
934.8 
934.5 
934.0 
933 8 

933 8 
934 2 
934 3 
934.4 
934.5 

934.6 
934 7 
934.8 
934.9 
935.0 

935.0 

935.0 
935.0 
935.0 

935 0 
935 0 
935 0 
935.0 
935 0 

935.0 
935.0 
935.0 
91 3.7 
914.4 

915.2 
916.0 
916.5 

935.0 

I 
I wm Technologies 

Density 

cg/cm31 

1.030 
1.040 
1.040 
1.040 
1.040 

1.040 
1.040 
1.040 
1.040 
1.040 

1.040 
1.040 
1.040 
1.050 
1.050 

1.050 
1.050 
1.060 
1.060 
1.070 

1.070 
1 io80 
1,080 
1.090 
1 .ogo 
1 .loo 
1.105 
1 .lo5 
1.000 
1 .ooo 

1 .ooo 
1.010 
1.010 

I ’  Table 3.9b 

Formation 
Pressure 
CkPal 

998.6 
1011.4 
1018.2 
1091.8 
1138.9 

1227.1 
1319.3 
1359.5 
1399.7 
1439.9 

1480.1 
1500.7 
1521.3 
1541.9 
1542.9 

1542.9 
1542.9 
1552.7 
1552.7 
1552.7 

1552.7 
1552.7 
1542.9 
1533.1 
1493.9 

1444.8 
1366.4 
1297.7 
343 5 
301.4 

309.2 
317.1 
331.8 

Brine 
Concentra tior 

0.030 
0.040 
0.040 
0.040 
0.040 

0.040 
0.040 
0.040 
0.040 
0.040 

0.040 
0.040 
0.040 
0.050 
0.050 

0.050 
0.050 
0.060 
0.060 
0 -070 

0.070 
0.080 
0.080 
0.090 
0.090 

0.100 
0.105 
0.105 
0.000 
0.000 

0 .ooo 
0.010 
0.010 



Grid Block Grid Block 
Index 

1 ,  7 
1, 8 
1 ,  9 
1 , l O  
1,11 

1,12 
1 ,I3 
1,14 
1,15 
1,16 

1917 
1,18 
1,19 
1,20 
1,21 

1,22 
1923 
1,211 
1,25 
1,26 

1,27 
1,28 
1,29 
1930 
1931 

29, 2 
29, 3 
29, 4 
29, 5 
29, 6 

29, 7 
29, 8 
29, 9 

Elevation 
[m a.s.l.1 

893.0 
892.0 
891 .O 
890.0 
889.0 

886.0 
883.0 
881 .O 
879.0 
876 .O 

874 .O 
872.0 
870 .O 
868.0 
866.0 

864.0 
862.0 
859.0 
855.0 
849.0 

844 .O 
843.0 
843.0 
843.0 
844.0 

768.0 
770.0 
774.0 
777.0 
777.0 

778.0 
778.0 
778.0 

Freshwater Density 

[m a.s.l.1 ~ ~ / ~ 3 1  
Head 

917.0 1.010 
917.5 1.010 
918.4 1 ;010 
919.0 1.010 
91 9.7 1.010 

920.8 1.010 
922.0 1.010 
923.0 1.010 
923.8 1.010 
924.3 1.010 

925.5 1.010 
925.8 1.010 
926.2 1.010 
926.8 1.010 
927.0 1.010 

927 3 1.010 
927.6 1.010 
928.0 1.010 
928.5 1.010 
929.0 1.010 

929.6 1.010 
930 3 1.010 
930.7 1.010 
931.3 1.020 
932.5 1.020 

91 4.0 1 .lo5 
916.0 1 .lo5 
918.0 1.105 
920 .O 1 .lo5 
921 .O 1 .lo5 

921.5 1 .lo5 
923.0 1 .lo5 
924.0 1 .lo5 

Formation Brine 
Pressure Concent rat ior 
[kPal 

336 7 0.010 
351.4 0.010 
370 .O 0.010 
385.7 0.010 
402.4 0.010 

442.6 0.010 
483.8 0.010 
513.2 0.010 
540.7 0.010 
575.0 0.010 

606.4 0.010 
628.9 0.010 
652.5 0.010 
678.0 0.010 
699.5 0.010 

722.1 0.010 
744.6 0.010 
778 0 0.010 
822.1 0.010 
885.8 0.010 

940.8 0.010 
957.4 0.010 
961.4 0.010 
967.2 0.020 
969.2 0.020 

1533.1 0.105 
1533.1 0.105 
1513.5 0.105 
1503.7 0.105 
151 3.5 0.105 

1508.6 0.105 
1523.3 0.105 
1533.1 0.105 

Drawn by 

Initial Boundary Conditions 
Revisions 

1 

I wm Technologies I Table 3.9~ 
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c 

Drawn by 

Checked by 

Revisions 

”.- 

Date 

Date 

Date 
Initial Boundary Conditions 

Grid Block 
Index 

29,lO 
29,ll 
29,12 
29913 
29,14 
29,15 
29,16 

29,17 
29,18 
29,19 
29,20 

29,21 
29,22 
29 , 23 
29,211 
29,25 

29,26 
29,27 
29,28 
29,29 
29,30 

29,31 

I wm Technologies 

Grid Block 
Elevation 
Cm a.s.l.1 

778.0 
777.5 
777 .O 
777.0 
776.0 
776 .O 
777.0 

777 0 
777.0 
777 0 
778.0 

778.0 
779.0 
779.0 
780.0 
783.0 

786.0 
788.0 
790.0 
792.0 
796.0 

802.0 

I Table 3.9d 

Freshwater Density Formation Brine 

[m a.s.l.1 Cg/m31 CkPal 
Pressure Concentration Head 

925.0 1.105 1542.9 0.105 
925.5 1.105 1552.7 0.105 
926.5 1.105 1567.4 0.105 
927.0 1.105 1572.3 0.105 
927.5 1.105 1587.0 0.105 
928.2 1.105 1593.9 0.105 
928.8 1.105 1599.8 0.105 

929.2 
929.6 
930.0 
930.3 

930.7 
931 .O 
931.3 
931.8 
932.4 

933 0 
933.8 
934 1 
934.2 
934 3 

934.5 

1 .lo5 
1 .lo5 
1 .lo5 
1 .lo5 

1.105 
1 .lo5 
1 .lo5 
1 .lo5 
1 .lo5 

1 .lo5 
1 .lo5 
1 .lo5 
1.105 
1 .lo5 

1 .lo5 

1593.9 
1597.8 
1601.7 
1594.9 

1598.8 
1591.9 
1594.9 
1590.0 
1566.4 

1542.9 
1531.1 
151 4.4 
1495.8 
1457.6 

1400.7 

0.105 
0.105 
0.105 
0.105 

0.105 
0.105 
0.105 
0.105 
0.105 

0.105 
0.105 
0.105 
0.105 
0.105 

0.105 
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Elevation O f  The Freshwater Difference To 
Culebra Dolomite Head Undisturbed 

Observation Center October 198 5 Heads 
Well Cm. a. s .1.] [m.a.  s. 1 . 3  Cml 

H- 1 
H-2b2 
H-3bl 
H-4b 
H-5b** 

H- 6~ 
H-7b 
H-8b 
H-9b 
H-lob 

825.8 
835.4 
824.9 
861.9 
791.6 

909 4 -12.2 
916.5 -7.l* 
909.2 -0.1 
911.9 -1.3 
934.4 i o  .o 

832.4 932.3 +o . l*** 
886.1 912.2 -0.1 
862.6 911.5 i o  .o 
836 .O 906.3 -0.6 

no data ava i lab le  from October 1985 

H- 11* *+ * 811.7 910.7 -0.4 

DOE- 1 802.1 910.6 -3.1 
H-12 788.6 910.9 -1.1 

P-14 846.2 927.4 i o  .o 
DOE-2 no data ava i lab le  from October 1985 

P-15 
P- 17 
WIPP-25 
WIPP-26 
WIPP-27 

WIPP-28 
WIPP-29 
WIPP-30 

879 -5 
842.4 
838.8 
900.4 
874.6 

916.8 -0.6 
910.3 -0.9 
930.3 io .0  
918.7 -0.1 
940.7 i o  .o 

888.2 933.2 i o  .o 
899 .O 905 6 i o  .o 
848.1 929.1 -0.3 

* Difference in freshwater head compared t o  H-2b (Table 3.7). 

** H-5b water-level measurement taken p r i o r  t o  water-quality 
sampling (August 20-28, 1985) was u t i l i z e d  

*** Difference in freshwater head compared t o  H-6b 

**** Average values from H-llbl ,  H-llb2, and H-llb3 

Drawn by 

Checked - / z I  by Freshwater Heads i n  the Culebra 
Revisions Dolomite i n  October 1985 

1 
Table 3.10 I wm Technologies 
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Observed Calculated 

Well Head Head Difference 
Observation Freshwater Freshwater Squared 

Diffe ence 5 Cm a.s.l.1 Cm a.s.1. J Cml Cm 1 

hawn by 

:hacked by 

bavisions 

H- 1 921.6 925.35 +4.75* 22.563~ 

Date 

Date 

Date 

The Difference Between the Calculated and 
the Measured Freshwater Heads for the 
Init ial  Steadv-State Model Under Undisturbed 

H-2b 

H-3 
H-4b 

H-5b 

H-6b 
H-7b 
H-11 

H-12 

923.6 
917.3 
913.2 
934.4 
932.2 
912.3 
911.1 
91 2.0 

927.94 
923.26 
917.78 
934.28 
933 .OO 

91 1.95 
921.97 
914.46 

+4.34 
+5.96 
+4.58 
-0.12 
+O .80 
-0.36 

+10.87 
+2.46 

18.83 
35.48 
20.94 

0.02 

0.64 
0.13 

118.20 

6.03 
DOE- 1 91 3.7 923.64 +9.94 98.73 
DOE-2 934.0 934.56 +O. 57 0.32 
P-14 927.4 928 - 37 +O. 97 0.94 
P-15 917.4 919.12 +1 .72 2.96 
P-17 911.2 916.06 +4.86 23.60 

SUM : 

MEAN : 

+51.32 349.36 
+3 67 24.95 

* Note: Last figure of reported values is rounded. Therefore, the 
square root of the squared difference does not exactly equal 
the reported difference. 

I Table 4.1 



0 bser vation 
Well 

H- 1 
H-2b 

H-3 
H-4b 

H-5b 
H-6b 

H-?bl 

H-1 1 
H-12 

DOE-1 

~~ 

3mwn by 

:heckad by 

Revlaions 

Observed 
Freshat  er 

Head 
Cm a.s.l.1 

921 -6  
923.6 

91 7.3 

91 3.2 

934.4 
932.2 

91 2.3 
911.1 
91 2.0 

91 3.7 

Date 

Date 

Date 

3 The Difference Between the Calculated and 
the Measured Freshwater Heads fo r  the 
Press w e  C a l  i brat ed S teady-S t a t  e Model 
Under Undisturbed Conditions 

Calculated 
F res hw at er 

Head Difference 
[m a.s.l.1 Cm 1 

I wm Technologies 

921.45 

924.10 

91 7.1 4 

91 3.33 
934 - 37 
932.66 
911.96 
911.98 
911.85 

91 4.22 

I Table 4.2 

-0.15* 

+O. 50 

-0.1 6 
+O. 13 
-0.03 

+O. 46 
-0.34 

+O .88 
-0.1 5 
+O. 52 

Squared 
Diffe ence Cm 5 1 

0.02* 

0.25 

0.03 

0.02 

0.01 
0.21 

0.1 1 

0.77 
0.02 

0.27 

DOE-2 934.0 934.58 +O. 58 0.33 
P-14 927.4 927.91 +O. 51 0.26 

P-15 91 7.4 01 7.89 +o. 49 0.24 

P-17 911.2 91 0.26 -0.94 0.89 

SUM : 

MEAN : 

+2.30 3.43 
+O. 16 0.25 

* Note: L a s t  figure of reported values is rounded. 
square root of the squared difference does not exactly equa 
the reported difference . 

Therefore, the 
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Grid Block Grid Block Freshwater Density Formation Brine 
Index* Elevation** Head Pres sur e Concent r at io1 

Cm a.s.l.1 Cm a.s.l.1 Cg/cm31 CkPal *** 

1 umwn by Date 

Checked by Date 

Revisions Date 
Density-Calibrated Boundary Conditions 

x 

I 

I wm Technologies I Table 4.3a 

889.0 
884.5 
884 .O 
884 .O 
884.0 

912.2 
911.8 
911.2 
910.9 
910.3 

1 .ooo 
1 .ooo 
1.010 
1.010 
1.020 

328.8 
369.0 
368.1 
365.1 
359.2 

0.000 
0.000 
0.010 
0.010 
0.020 

879.0 
869.0 
861 .O 
856 .O 
853.0 

402.4 
496.5 
572.0 
618.1 
643.6 

0.030 
0.040 
0.050 
0.050 
0.050 

909.7 
909.3 
909.0 
908.7 
908.3 

1.030 
1.040 
1.050 
1.050 
1.050 

670.1 
706.4 
731.9 
758.4 
778.0 

0.060 
0.060 
0.060 
0.060 
0.070 

1 1 ,  1 
12, 1 
13, 1 
14, 1 
15, 1 

850 .O 
846.0 
843 .O 
840 .O 
838.0 

908.0 
907 7 
907.3 
907.0 
907.0 

1 -060 
1.060 
1.060 
1.060 
1.070 

16, 1 836.0 
834 .O 

829.0 
824.0 

832.0 

907.0 
907.0 
907.0 
907 .O 
907.5 

1.070 797 6 
1.070 817.2 
1.070 836.8 
1.070 866.2 
1.080 920.2 

0.070 
0.070 
0.070 
0.070 
0.080 

17, 1 
18, 1 
19, 1 
20, 1 

820.0 
817.0 
81 4.0 

804.0 
810.0 

908.0 
908.5 
909.0 
909.5 
910.0 

1.080 964.3 
1.080 998.6 
1.090 1032.9 
1.090 1077.1 
1.090 1140.8 

0.080 
0.080 
0.090 
0.090 
0.090 

21, 1 
22, 1 
23, 1 
24, 1 
25, 1 

26, 1 799.0 910.5 1.090 1194.8 0.090 
27, 1 789.0 911 .o 1.100 1297.7 0.100 
28, 1 779.0 911.5 1.100 1400.7 0.100 
29, 1 767.0 912.0 1.100 1523.3 0.100 
1932 849.0 934.2 1.005 936.8 0.005 

* Grid Block 1 , l :  South-west Corner 
Grid Block 29,l: South-east Corner ** Corresponds to the center of the grid blocks 

*** See explanation for  model calculation of formation-water densitie 
(section 3.3.1 1 



Grid Block Freshwater Density 
Elevation Head 
[m a.s.l.1 Cm a.s.1.1 cg/cm31 

I wm Technologies 

Format i on Brine 
Pressure Concentration 
CkPal 

Table 4.3b 

843 .O 
842.0 
841 .O 
833.0 
828.0 

81 9.0 
81 0 .O 
806.0 
802 .O 
798.0 

794.0 
792.0 
790.0 
788.0 
788.0 

788.0 
788.0 
787 0 
787.0 
787.0 

787.0 
787.0 
788.0 
789.0 
793.0 

798.0 
806.0 
81 3.0 
889.0 
894.0 

894.0 
894.0 
893.0 

934.5 
934.8 
934.5 
934.0 
933 8 

933.8 
934.2 
934.3 
934.4 
934.5 

934.6 
934.7 
934.8 
934.9 
935.0 

935.0 
935.0 
935.0 
935.0 
935.0 

935.0 
935.0 
935.0 
935.0 
935.0 

935.0 
935.0 
935.0 
913.7 
914.4 

915.2 
916.0 
916.5 

1.005 
1.007 
1.007 
1.039 
1.007 

1.007 
1.017 
1.017 
1.017 
1.017 

1.017 
1.017 
1.017 
1.017 
1.017 

1.035 
1.060 
1.085 
1.085 
1.085 

1.085 
1.085 
1.085 
1.085 
1.085 

1 .loo 
1 .loo 
1 .loo 
1 .ooo 
1 .ooo 

1 .ooo 
1 .ooo 
1 .ooo 

998.6 0.005 
1011.4 0.007 
1018.2 0.007 
1091.8 0.039 
1 1  38.9 0.007 

1227.1 
131 9.3 
1359.5 
1399.7 
1439.9 

1480.1 
1500.7 
1521.3 
1541.9 
1542.9 

1542.9 
1542.9 
1552.7 
1552.7 
1552.7 

1552.7 
1552.7 
1542.9 
1533.1 
1493.9 

1444.8 
1366.4 
1297.7 
343 5 
301.4 

309.2 
31 7.1 
331 -8 

0.007 
0.01 7 
0.017 
0.01 7 
0.017 

0.017 
0.017 
0.017 
0.017 
0.017 

0.035 
0.060 
0.085 
0.085 
0.085 

0.085 
0.085 
0.085 
0.085 
0.085 

0.100 
0.100 
0.000 
0.000 
0.000 

0.000 
0.000 
0.000 

Drawn by 

Checked by 

Revisions Date 
Density-Calibrated Boundary Conditions 
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Grid Block Grid Block 

Drawn by 

Checked by 

Revisions 

Index 

1 ,  7 
1 ,  8 
1 ,  9 
1 , l O  
1 , 1 1  

1 ,12  
1 , I 3  
1,14 
1 ,15 
1,16 

1,17 
1,18 
1,19 
1,20 
1,21 

1,22 
1,23 
1,211 
1,25 
1,26 

1,27 
1,28 
1,29 
1,30 
1,31 

29, 2 
29, 3 
29, 4 
29, 5 
29, 6 

29, 7 
29, 8 
29, 9 

Date 

Date 

Date 
Density-Calibrated Boundary Conditions 

Elevation 
[m a.s.1.) 

893 .O 
892.0 
891 .O 
890.0 
889.0 

886 .O 
883 0 
881 .O 
879.0 
876.0 

874.0 
872.0 
870.0 
868.0 
866.0 

864.0 
862.0 
859.0 
855.0 
849.0 

844 .O 
843.0 
843 .O 
843.0 
844.0 

768.0 
770 -0  
774.0 
777.0 
777.0 

778.0 
778.0 
778.0 

Freshwater 

Cm a.s.1.3 
Head 

917.0 
917.5 
918.4 
919.0 
91 9.7 

920.8 
922.0 
923.0 
923.8 
924.3 

925.5 
925.8 
926.2 
926.8 
927.0 

927.3 
927 6 
928.0 
928.5 
929.0 

929.6 
930 i 3 
930.7 
931.3 
932 5 

91 4.0 
916.0 
91 8.0 
920.0 
921 .O 

921.5 
923.0 
924 .O 

Density 

Cg/cm31 

1.000 
1.000 
1 .ooo 
1 .ooo 
1.000 

1 .ooo 
1 .ooo 
1 .ooo 
1.000 
1 .ooo 

1 .ooo 
1 .ooo 
1 .ooo 
1 .ooo 
1 .ooo 

1 .ooo 
1 .ooo 
1 .ooo 
1.000 
1 .ooo 

1 .ooo 
1.000 
1 .ooo 
1 .ooo 
1 .ooo 

1 .loo 
1 .loo 
1 .loo 
1 .loo 
1 .loo 

1 .loo 
1 .loo 
1 .loo 

Formation Brine 
Pressure Concentration 
CkPal 

336 7 
351.4 
370.0 
385.7 
402.4 

442.6 
483.8 
513.2 
540.7 
575 .O 

606.4 
628.9 
652.5 
678.0 
699.5 

722.1 
744.6 
778.0 
822.1 
885.8 

940.8 
957.4 
961.4 
967.2 
969.2 

1533.1 
1533.1 
1513.5 
1503.7 
1513.5 

1508.6 
1523.3 
1533.1 

0.000 
0.000 
0.000 
0.000 
0.000 

0.000 
0.000 
0.000 
0.000 
0.000 

0.000 
0.000 
0.000 
0.000 
0 .ooo 

0.000 
0.000 
0.000 
0.000 
0.000 

0.000 
0.000 
0.000 
0.000 
0 .ooo 

0.100 
0.100 
0.100 
0.100 
0.100 

0.100 
0,100 
0.100 

I NTtnr\ Technologies I I Table 4 . 3 ~  
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Grid Block Grid Block Freshwater Density Formation Brine 
Index Elevation Head Pressure Concentration 

[rn a.s.l.1 Cm a.s.l.1 Cg/cm31 CkPaI 

:hacked by 

Pevisions 

29,lO 
29,ll 
29,12 
29,13 
29,111 
29,15 
29,16 

29,17 
29,18 
29,19 
29,20 

29,21 
29,22 
29,23 
29,211 
29,25 

29,26 
29,27 

29,29 
29,3O 

29,2a 

Date 

D d e  
Density-Calibrated Boundary Conditions 

778.0 
777 5 
777.0 
777 0 
776.0 
776 0 
776.0 

777 0 
777 .O 
777.0 
778.0 

778.0 
779.0 
779.0 
780 .O 
783.0 

786.0 
788.0 
790.0 
792.0 
796.0 

I 

I wm Technolog~ss 

925.0 
925.5 
926.5 
927 0 
927.5 
928.2 
928.8 

929.2 
929.6 
930.0 
930 3 

930.7 
931 .O 
931 -3 
931.8 
932.4 

933.0 
933 8 
934.1 
934.2 
934 3 

Table  4.3d 

1 .loo 
1 .loo 
1 .loo 
1 .loo 
1 .loo 
1 .loo 
1 .loo 
1 .loo 
1 .loo 
1.100 
1.100 

1 .loo 
1 .loo 
1 .loo 
1 .loo 
1 .loo 
1 .loo 
1 .loo 
1 .loo 
1 .loo 
1 .loo 

1542.9 
1552.7 
1567.4 
1572.3 
1587.0 
1593.9 
1599.8 

1593.9 
1597.8 
1601.7 
1594.9 

1598.8 
1591.9 
1594.9 
1590.0 
1566.4 

1542.9 
1531.1 
1514.4 
1495.8 
1457.6 

0.100 
0.100 
0.100 
0.100 
0.100 
0.100 
0.100 

0.100 
0.100 
0.100 
0.100 

0.100 
0.100 
0.100 
0.100 
0.100 

0.100 
0.100 
0.100 
0.100 
0.100 

29,31 802.0 934.5 1.100 1400.7 0.100 

Irawn by I Date I 

84 



*- 

lrawn by 

:hacked by 

Pevisions 

Observed 
Observat ion Freshwater 

Well Head 
[m a .s . l .1 

Date 

Date 
The Dif fe rence  Between the  Calcula ted  and 
the Measured Freshwater Heads for  the 

Undisturbed Condit ions 
Dat. Densi ty-Cal ibrated Steady-State Model Under 

H- 1 

H-2b 

H-3 
H-4b 
H-5b 

H-6b 
H-7bl 

H-1 1 

H-12 

DOE- 1 
DOE-2 
P-14 
P-15 
P-17 

I wm Technologies 

SUM : 

MEAN : 

Table 4.4 

921.6 
923.6 
917.3 
91 3.2 
934.4 
932.2 
912.3 
911.1 
91 2.0 

913.7 
934.0 
927.4 
917.4 
911.2 

Calcula ted  
Freshwater 

Head 
[m a.s.l.1 

921.14 
924.08 
917.34 
913.92 
934.29 
932.57 
91 1.96 
912.17 
91 1 .71 
913.93 
934.21 
927.67 
017.96 
910.13 

Squared 
Diffe ence 5 Dif fe rence  

C m l  Cm 1 

-O.46* 0.21 * 
+O. 48 0.23 
-0.97 0.93 
-0.28 

-0.11 

+O .37 

+1 .08 
-0.34 

-0.29 
+o. 23 
+o. 21 

+O .27 
+O .56 
-1.065 

-0.31 
+o .02 

0.07 
0.01 

0.13 
0.12 
1.16 
0.08 
0.05 

0.05 
0.07 
0.32 
1 . 1 4  

4.57 
0.33 
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Freshwater Heads* i n  Thi chess*  
the the of the 

Magenta Culebra Head Tamarisk Hydraulic** 
Dolomi t e  Dolomite Difference Member Gradient 

Well Cm.a.s.l.1 Cm.a.s.l.1 Cm 1 Cm 1 C m h l  

I 

1 wm Technologies 

H- 1 962.6 920.5 42.1 26.5 

H-2 959.5 924.5 35.0 24.4 

H-3 961.6 91 4.4 47.2 26.8 

H-4 959.2 91 3.2 46.0 29.3 

H-6 932.4 933.0 -0.06 28.3 

WIPP-25 931.2 929.9 1 .3  36.3 

Table 6.1 

1.6 

1 . 4  

1.8 

1 . 6  

,o. 002 

0.036 
~ 

* Data taken f ran Mercer, 1983. 

** Assuming constant density. 

Drawn by 

The Hydraulic Gradient i n  the T a m a r i s k  
Member i n  the Western Model Area Revisions 
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c 

_-  

Drawn by 

Checked by 

Revisions 

e 

Date 

Date Summary Table of Poros i ty  and Permeabi l i ty  as 
Determined By Core Labora tor ies  f o r  Se lec t ed  
Samples From t he  WIPP Site. Date 

le1 1 Depth Helium Poros i ty  Hor i zont a1 Vertical 

(md 1 (md) 
(m) In i t ia l  Rerun Grain Permeabi l i ty  Permeabi l i ty  

3y Value Value 
% % ( g / m  1 

I wm Technologies 

I-2b 
I-2b 

I-2b 

I-2b 
4-2b 

I-2b 
I-352 

4-3b2 

4-3b3 

4-353 
4-3b3 

4-3b3 
d-4b 

I-4b 

4-6b 

I-6b 
I-6b 

I-6b 

Table 7.1 

192.0 14.1 

192.0 11.5 

192.0 6.6 

195.0-195.1 
207.6 

210.1 
204.6-204.7 

204.7-204.8 
210.1 

21 0.3-21 0.5 
156.4 
157.6-1 57 -7  
187.2-1 87.3 
187.4-1 87.5 

7.0 
18.8 
16.8 
18.5 
20.9 

24.4 

21.3 
29.7 

19.5 
10.8 

11.6 
187.8 10.7 

**191.4-195.1 25.5 

2.80 

(7.3)" 

(14.2) 2.78 

2.81 

(13.6) 2.78 
(20.2) 2.84 

(11.3) 2.79 
(17.4)  2.83 
(19.5) 2.82 
(24.1) 2.82 

(19.6) 2.84 
2.85 

(22 .0)  2.84 

2.83 

2.83 

2.83 
(20.4) 2.86 

0.02 0.02 

<0.1; 
Klp= 0.008 

0.02; 
Klp=O .0085 

0.07 0.01 

0.19 0.37 
4.2 (4.5) 

3.3 ( 4 . 1 )  
10.0 

1.2 

0.53 (0.47) 
2.1 0.56 

53.0 

5.3 
0.05 

0.08 0.07 
0.04 0.05 

1.7 (1.6) 
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T r a c e r  
P a  ram e t  e r m-TFMB PFB 

S o l u t e  free-water 7 . 4  x 10-10 7 . 2  x lo-'' 
d i f f u s i o n  c o e f f i c i e n t  ( m 2 / s )  
( i n c l u d e s  p o r o s i t y  a n d  t o r t u o s i t y )  

T o r t  u o s  i t y  

M a t r i x - b l o c k  l e n g t h  (m) 

L o n g i t u d i n a l  d i s p e r s i v i t y  

F r a c t u r e  p o r o s i t y  

M a t r i x  p o r o s i t y  

0.15 0.45 

1.2 2 . 1  

3.0 

1.9  10-3 

0.2 

0 . 1 5  0.45 

0 . 2 5  0.44 

1.5 

1.9 10-3 

0 . 2  

Sumnary of Best-Fit Input Parameters for 
m-TFMB and PFE3 Breakthrough Curves at t h e  
H-3 Hydropad ( a f t e r  Kelley and Pickens, 1986) Revieions 

I wm Technologies I ITable 7.2 
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Well T (m2/ s  ) S x w Reference 

Drawn by 

:hacked by 

Reviaiona 

H-3bl 1.94 x 1 0-6 -7.7 2 .4  10-7 0.25 Beauheim, i n  

H-3b3 1.94 x 1 OA6 -8.1 1 . 1  10-7 0.03 
*H-3b2 1.83 x -8.1 1 . 1  10-7 0.03 prepara t ion  

Date 

Date 

Date 

Summary of Double-Porosity Hydraul ic  
Parameters f o r  the  Culebra Dolomite 
a t  t h e  WIPP S i t e  

H-3bl 3.23 x -7.3 4.6 x 10-7 0.25 Beauheim, i n  

H-3b2 3.23 x -7.6 2.5 x 10-7 0.25 prepara t ion  
*H-3b3 3.1 2 x -7.8 1.7 x 10-7 0.071 

*DOE-2 -4.7 8.27 x 0.10 Beauheim, 1986 

* Pumping well during tes t  

T = Transmiss iv i ty  
S = Wellbore s k i n  
X = I n t e r p o r o s i t y  flaw coe f f i c i en t  
w = Dimensionless secondary s t o r a t i v i t y  c o e f f i c i e n t  

I Table  7.3 
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Primary Medim 

1 
I wm Technologies 

Hydraul ic  Conducti v i  t y  

Poros i ty  

Canpressi  bi  1 it y 

Matrix Block Length 

Table  7.4 

Secondary Medim 

Poros i ty  
C anpr es si b i  1 it y 

F r a c t u r e  Spacing 

2.63 x lo-'' m / s  
0.2 

6.81 x lo-'' m2/N 

2 m  

: 2 10-3 
: 7.57 x m2/N 

: 2 m  

h w n  by 

:hacked by 

ievisions 

Base Case SWIFT I1 Double-Porosity 
Model Inpu t  Parameters 



'pm 

0.1 0.2 0.3 

0.5 2775 5550 8325 

'hm 1 .o 11100 22201 33299 

(m 1 2.0 44399 88802 1331 95 

4.0 177596 355208 532779 

Drawn by 

:hacked by 

Revisions 

-~~ ~~~ 

= 0.1 t o  0.3 +m Matrix porosity range 
Matrix block l eng th  range Lm = 1 t o  8 m 

Dote 

Date 
Calcula t ion  of Matrix Time Constants 
for a Range of Matrix Porosit ies and 

Date Block  H a l f  Lengths 

Calcu la t ions  assune: 
Hydraulic conduct ivi ty  of the matrix = 2.63 x 10-l' m / s  
Average r e s e r v o i r  f l u i d  dens i ty  = 1.05 g/an 3 

I wm Technologies Table 7.5 
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I 

I wm Technologtea 

KJm/s )  

2.6 x 10-l' 2.6 x 2.6 x 2.6 x 

0.5 5550 555 55 5 

Table 7.6 

1 22201 2220 222 22 

Yhm 2 88802 8880 888 89 

(m 1 4 355208 35521 3552 355 

Matrix hydraul ic  conduct ivi ty  range Km = 2.6 x lo-'' t o  2.6 x 
Matrix block l eng th  range L, = 1 t o 8 m  

m / s  

Calculations assune: 
Matrix poros i ty  
Average r e s e r v o i r  f l u i d  dens i ty  

= 0.2 
= 1.05 g/m 3 

Calculat ion of Matrix Time Constants 
for a Range of Matrix Hydraulic 
Conduct ivi t ies  and Block  H a l f  Lengths Revisions Oat. 
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6.8 x 

Drawn by 

C h e c k e d  by 

Revisions 

I 

'r 
6.8 x 

Date  

Date  Calcula t ion  of Matr ix  Time Constants fo r  a 
D a t e  Range of Primary-Medium Compressi b i l i  ti es 

and Matrix Block H a l f  Lengths 

6.8 x 

0.5 

1 .o 

2.0 

4.0 

2550 

10201 

40805 

16321 9 

5550 

22201 

88802 

355208 

35546 

I 421 83 

568731 

2274925 

Primary-medim compress ib i l i ty  range CL = 6.8  x 
6 .8  x m2/N 

Matr ix  block l e n g t h  range L, = 

t o  

1 t o  8 m 

Calculations assune: 
Hydraulic conduc t iv i ty  of the ma t r ix  = 2.63 x 10-l' m / s  

93 /94  





,--- 

A 

A P P E N D I X  A :  N O T A T I O N  FOR S E C T I O N  3.1 

A. 1 ROMAN SYMBOLS 

B 

cC 

P C 

PR 
C 

C' 
PR 

CR 

% 

cr 

CW 

C' 

A 

C 

A 

C' 

A 

cI 

C r  

v i s c o s i t y  parameter 

c o e f f i c i e n t  for  increase  i n  f l u i d  d e n s i t y  wi th  increas ing  b r ine  
content 

s p e c i f i c  heat of the f l u i d  

specific heat of the  rock ( s i n g l e  po ros i ty )  or of the f r a c t u r e -  
f i l l  material (dual poros i ty)  

s p e c i f i c  heat of the rock matrix 

compress ib i l i ty  of the pores ( s i n g l e  po ros i ty )  or of the 

f r a c t u r e s  (dual poros i ty)  

compress ib i l i ty  of the  matr ix  po ros i ty  

c o e f f i c i e n t  of thermal expansion 

compress ib i l i ty  of the f l u i d  

concentrat ion of a given component wi th in  t h e  rock mat r ix  

concentrat ion of i n e r t  contaminant 

concentrat ion of i n e r t  contaminant wi th in  the rock mat r ix  

in j ec t ed  b r ine  concentrat ion 

concentrat ion of rad ioac t ive  (trace) components 

A- 1 



concentrat ion f o r  rad ioac t ive  (tracer components for  local 
(matr ix)  system 

ck 

D d i s p e r s i o d d i f  f usion coe f f i c i en t  

E dispers ion/d i f fus ion  tensor  

D'  d i spers ion  coe f f i c i en t  within the rock mat r ix  

Dm molecular d i f fus ion  

D' molecular d i f fus ion  wi th in  the rock mat r ix  m 

molecular d i f fus ion  within the rock mat r ix  a t  the reference 
temperature 

D h O  

d i spers ion  or conduction/dispersion tensor  for  heat (X = H ) ,  
b r ine  (X = C )  or radionuclide (X = C )  wi th in  the  global system 

EX 

E; 
d i spers ion  or conduction/dispersion c o e f f i c i e n t  f o r  heat 

(X = H ) ,  b r ine  (X = C) or radionucl ide (X = C) wi th in  the  l o c a l  
(rock-matrix) system 

g acce le ra t ion  of g rav i ty  

u n i t s  conversion factor equal t o  g fo r  the Engl ish system and 
equal t o  uni ty  f o r  the  SI system 

g C  

H f 1 ui d en t  ha1 py 

H' f l u i d  enthalpy wi th in  the  rock rnatrix 

HI enthalpy of in jec ted  f l u i d  

i , j x ,  y or z Cartesian coordinate ind ices  
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I u n i t  t ensor  
s 

k - permeab i l i t y  t enso r  for  the global system - 

k 1  permeabi l i ty  c o e f f i c i e n t  for  the local (ma t r ix )  system 

k& equi l ibr ium adsorp t ion  d i s t r i b u t i o n  c o e f f i c i e n t  for  the  rock 
ma t r ix  and rad ionucl ide  r 

product of branching radio and daughter-parent  m a s s  f r a c t i o n  krs 

& heat conduct iv i ty  

K heat conduct iv i ty  t enso r  for f l u i d  and rock ( s i n g l e  porosity) = m  
or f l u i d  and f r a c t u r e - f i l l  material (dua l  porosity) 

heat conduc t iv i ty  of f l u i d  and rock f o r  t h e  rock ma t r ix  K; 

K; e q u i l i b r i m  r e t a r d a t i o n  factor for  the  ma t r ix  and 
radi onucl i de r 

N number of rad ionucl ide  parent  components 

P p re s su re  

p' p re s su re  i n  the local (mat r ix)  system 

Po reference pressure  for  sys tem,  i n i t i a l  p re s su re  for  the  
unsteady-state a q u i f e r  model and a q u i f e r  boundary cond i t ion  fo r  
the steady-state a q u i f e r  model 

9 rate of f l u i d  withdrawal 
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%r 

r 

R 

t 

T 

T' 

TR 

TO 

U - 

U 

u' 

U' 

U' 

s inWsource  other than a well for  f l u i d  (X = W), heat (X = H ) ,  

b r ine  (X = C )  and rad ionucl ide  (X = r)  

rad ionucl ide  source  due t o  waste lea h ing  

s u b s c r i p t  f o r  rad ionucl ide  

s u b s c r i p t  f o r  rock 

b r ine  source rate due t o  s a l t  d i s s o l u t i o n  

f l u i d  source rate due t o  salt d i s s o l u t i o n  

ti me 

temper at w e  

temperature w i t h i n  the rock ma t r ix  

re ference  t einperat we 

reference  temperature of system, i n t e r f a c e  tempera ture  between 
sys t en  and over/underburden and s u r f a c e  temperature  fo r  

radi at i on model 

Darcy f l u x  vec tor  

magnitude of - u 

Darcy f l u x  vec to r  f o r  the local (mat r ix)  sys tem 

magnitude of u' - 

mass-specific i n t e r n a l  energy of the f l u i d  w i t h i n  the rock 

mat r ix  
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uR 

% 

UO 

W 

'r 

mass-specific i n t e r n a l  energy of the rock ( s i n g l e  po ros i ty )  or 
of the fracture-fill material (dua l  porosity) 

mass-specific i n t e r n a l  energy of the rock matrix (dual  

p o r o s i t y )  

mass-specific i n t e r n a l  energy of the  f l u i d  a t  re ference  f l u i d  
mndi  t i ons  

solid-phase concentrat ion of component 

so l i  d-phase concentrat ion of rad ionucl ide  r 

x , y , z C a r t  es i an coor d i  nat es 



A .  2 GREEK SYMBOLS 

""L 

"t 

"cr 

rX 

6' 

& i j  

rl 

K 

x 

11 

u' 

llR 

P 

P '  

l ong i tud ina l  d i  spersi vi  t y  

l ong i tud ina l  d i s p e r s i v i t y  for  t h e  rock ma t r ix  

t r a n s v e r s e  d i s p e r s i v i t y  

t o t a l  loss  t o  
b r ine  (X = C >  

source  t o  the  

b r i n e  (X = C >  

t he  rock mat r ix  for  f l u i d  (X = W), heat (X = HI, 
or rad ionucl ide  (X = r>  

rock-matrix u n i t  f o r  f l u i d  (X = W), heat (x = 

and rad ionucl ide  (X = r>  

f r a c t i o n a l  change i n  molecular d i f f u s i v i t y  per degree rise i n  
temperature  

Kronecker del ta  

Freundl ich isotherm parameter 

Freundl ich isotherm parameter 

decay cons tan t  

v i s c o s i t y  

v i s c o s i t y  of f l u i d  wi th in  the rock m a t r i x  

v i s c o s i t y  parameter 

f l u i d  d e n s i t y  

d e n s i t y  of f l u i d  wi th in  the rock ma t r ix  
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.- 

f l u i d  dens i ty  at reference temperature and pressure  and u n i t  
b r ine  conent rat i on 

PI 

f l u i d  dens i ty  a t  reference temperature and pressure  and zero 
b r ine  concentrat ion 

PN 

pR formation dens i ty  

f l u i d  dens i ty  for  the  i n i t i a l  condi t ions 
PO 

cp porosity 

$f  porosity of rock matrix 

porosity a t  the reference pressure  
40 

porosity of rock mqtr ix  a t  the re ference  temperature  



A . 3  SUBSCRIPTS 

C b r i n e  

H heat or enthalphy 

r r ad ioac t ive  component 

S parent  rad ionucl ide  component 

W water or  f l u i d  

X genera l ized  subsc r ip t  denot ing f l u i d ,  heat, b r i n e  or 
rad ionucl ide  

A-8  



APPENDIX B: CONVERSION FACTORS 

Vari ab1 e 
Divide t o  Obta in  

Metric Unit by English U n i t  

Area 
Ccmpressi b i l  i t y  
Component mass flow rate 
Component t r a n s m i s s i b i l i t y  
Concent r a t i o n  
Dar cy ve l  oci t y 
Density 
D i f f  u s i v i t y  
Dispersi  v i  t y 
Di s t r ibu t ion  c o e f f i c i e n t  

- Enthalpy 
Flu id  t r a n s m i s s i b i l i t y  
F lu id  heat capac i ty  
F lu id  mass flow rate 
Half-life 
Heat flow rate 
H ydraul i c conduc ti v i  t y .  
Length 

Mass 
Poros i ty  
Pressure 

c 

Rock heat capacity 
Salt  d i s so lu t ion  product 
Temperature 
Thermal conductivity 
Thermal expansion 
Thermal t r a n s m i s s i b i l i t y  

m* 
1 /Pa 

kg/s 

kg/ s 
f r a c t i o n  
m / s  
kg/rn3 
m*/s  
m 
m3/kg 
J 

kg/ s 

kg/ s 

J/kg- O C  

S 

J/s 
m / s  
m 
m 

kg 
f r a c t i o n  
Pa 
bar 
m (water) 
J /m3- O C  

1 / s  

O C  +17.78 
J/m-s- O C  
1 / o c  

J/s- O C  

0.0929 
1.4504 E-4 

5.2498 E-6 
5.2498 E-6 
1 .o 
3.5278 E-6 
16.018 
1.0753 E-6 
0.3048 
6.2430 E-2 

1054.6 
5.2498 E-6 
41 85.0 
5.2498 E-6 
3.1536 E+7 
1.2206 E-6 
3.5278 E-6 
0.3048 
1609.344 
0.45359 
1 .o 
6894.6 
68.946 E-3 
0.7031 
67037.0 
1 A574 E-5 
0.5556 
0.7208 
1.800 
0.4004 

f t2 
1 / p s i  

l b / d  

l b / d  

fraction 
f t / d  

l b / f t 3  

f t 2 / d  

f t  

f t 3 / l b  
Btu 
l b / d  

Btu/lb-OF 
l b / d  

v 
B t d d  

f t / d  

f t  
m i  

l b  

f r a c t i o n  
p s i  
p s i  
p s i  

Btu/f t 3- O F  

1 /d  

O F  

B t u / f  t-d- O F  

1 / O F  

B t d d -  O F  
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Variable Divide t o  Obtain 
Metric Unit  by Engl i sh  Unit 

Time 

Transmiss iv i ty  
V i s  cos i t y 
Vol me 
Waste concent ra t ion  
Well flow rate 

Well index 

S 

m2/s 

Pa-s 
m 3 

kg/m3 

m3/s 
l /min 
l/s 
m2/s 

86400 
1.0753 E-6 
0.001 

0.02832 
16.01 8 
3.2774 E-7 
3.7854 
15.850 
1.0753 E-6 

d 

f t 2 / d  

cp ( c e n t i p o i s e )  
f t j  
l b / f t 3  

f t3 /d  

gal/min 
gal / m i  n 
f t2 /d  

B - 2  



APPENDIX C: TRANSMISSIVEIES OF THE CULEBRA DOLOMITE 

(By G. J. Saulnier and A. Haug) 

Well Repor ed Value Source or  Value used 
for  t e model 

Cm /sl 9 5 Ref er en ce 
T e a t  Type 

Cm i s 1  

H- 1 

H-2 

H -3 

_-- 

H-4a 

H-4b 

H - 4 ~  

H - 5 a  

H-5b 

H-5c 

Not Reported 8.6 x 
Slug 7.5 x 10-8 

Not Reported 5.4 10-7 
Slug 4.3 10-7 
Reci rc . Tracer 7.5 10-7 

Sward (1982) 7 .5  x 10-8 
Mercer ( 1  983) 

Sward (1982) 
Mercer (1 983) 
Hydro Geo Chem 

( wpub . estimate 1 

6.0 x 10-7 

Not Reported 7.5 x 10-7 Seward (1982) 
Slug 2.0 10-5 Mercer ( 1  983) 4.0 x 
Punping 1.8 x - 3.2 x Beauheim ( i n  prep .I 

Pumping 9.7 x 10-7 - 1.8 10-6 Gonzal e z  ( 1 983 1 1 . 4  x 10-6 

Not Re ported 9.2 10-7 Seward (1  982) 

Punping 3.2 1.0-7 -1.9 10-6 Gonzalez ( 1  983) 
Slug 9.7 10-7 Mercer (1 983) 1.0 x 10-6 

Pumping 4.3 10-7 - 1.8 10-6 Gonzalez (1983) 1.1 x 10-6 

Punping 1.2 10-7 - 2.1 10-7 Gonzalez (1 983) 1.8 10-7 

Slug 2.1 10-7 Mercer ( 1 983 1 2.1 10-7 
Punping 1.3 x 10-7 - 2.6 10-7 Gonzalez (1  983) 

Pumping 4.3 10-8 - 1.7 10-7 Gonzalez ( 1 983 ) 1 . 1  10-7 
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Test Type Repor ed Value Source o r  Value used 
f o r  t e model 9 Ref erence 5 Well 

Cm I s1  
Cm /SI 

H-6a 

H -6b 

H-6c 

H-7b 
H -7 

H -8 

H -9 

H-1 Ob 

H-11 

H-12 

DOE- 1 

DOE-2 

Pumping 

Pun p i  ng 
Pum pi ng 

Pun ping 

Pumpi ng 
Punping 

Pun ping 

Punping 
Pum pi ng 

Slug 

Pumping 

Pun ping 

Pun ping 

Pun ping 

7.2 10-5 - 9.3 x 10-5 Gonzalez ( 1 983) 7.8 x 10-5 

7.8 10-5 Mercer (1  983) 8.1 10-5 
6.7 x 10-5 - 9.5 x 10-5 

7.5 10-5 - 8.3 x 10-5 Gonzalez (1  983) 7.8 10-5 

1 . 1  10-3 
1.2 13-3 

7.2 x lo-' 

2.5 10-4 
1 .2  10-4 

7 .5  x 10-8 

- 

Mercer ( 1 983) 1 .2  10-3 
INTERA (unpub. 
es ti mat e 1 

INTERA (unpub. 7.2 x 
estimate) 

Mercer ( 1  983) 1.8 10-4 
INTERA (unpub. 
estimate) 

Mercer ( 1983) 7.5 x 10-8 

8.7 x - 6.6 x I O m 5  INTERA (unpub. 1.1 10-5 
estimate) 

4.5 x 10-8 INTERA (unpub. 4.5 x 
estimate ) 

2.7 10-5 - 3.6 x 10-5 Gonzalez and Hydro 3.6 x 
Geo Chem (unpub. data) 

3.9 10-5* Beauheim ( 1 986) 3.9 10-5 

* preliminary result of i n t e rp re t a t ion  of a 1985 pumping tes t  ( ava i l ab le  
during canpi la t ion  of t ransmiss iv i ty  data base). Evaluat 'on of a punping 
tes t  conducted i n  1986 indica tes  a higher value (9.6 x 10 m I S ) .  $ 2  
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Repor ed Value Source o r  Value used 
Reference for  the  model 8 Well Test Type 

Cm /SI 
Crn2/s] 

P-14 Pumping 1.5 10-4 
Slug 3.5 10-4 

Mercer ( 1 983 2.5 10-4 
Hydro Geo Chem 

(1983, unpub. da t a )  

Seward ( 1  983) 8.9 x 
Mercer ( 1 983) 

P-15 Not Reported 1 . 1  10-7 
Slug 7.5 x 10-8 

P-17 Slug 1.1 x 10-6 

1 . 4  x - 3.2 x 
Mercer (1 983) 1.8 x 
Hydro G e o  Chem 

(1983, unpub. da t a )  

1.1 10-9 
3.2 x 10-9 

Mercer (1  983) 2.1 10-9 
Hydro G e o  Chem 

(1983, unpub. da ta )  

P-18 Slug 

Pulse  

Mercer ( 1  983) 2.9 10-4 2.9 10-4 WIPP-25 Pumping 

1.3 x 10-3 Mercer (1  983 1.3 x 10-3 WIPP-26 Pumping 

7.0 10-4 Mercer (1 983) 7.0 10-4 WIPP-27 Pumping 

1.9 x 10-5 Mercer ( 1  983) 1.9 x 10-5 WIPP-28 Pumping 

1.1 x 10-3 Mercer ( 1  983) I . I  10-3 WIPP-29 Punping 

3.2 10-7 

2.2 x 10-8 
Mercer ( 1 983 1 3.2 x 10-7 

Gonzdlez ( 1  983) 
WIPP-30 Slug 

Punping 
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APPENDIX D: EQUIVALENT FRESHWATER ELEVATIONS 

(By G. A .  Freeze) 

Freshwater heads are useful i n  iden t i fy ing  hydraulic g rad ien t s  i n  aqu i f e r s  
of va r i ab le  dens i ty  such as those e x i s t i n g  a t  the WIPP s i t e .  Freshwater 
head at a given point is defined as the height of a colunn of freshwater 
that w i l l  balance the e x i s t i n g  pressure at that point (Lusczynski, 
1961). The freshwater c o l m  exerts a pressure ,  p ,  at that  point 
e qui V a l  ent  t o  : 

P = Pf@f 

where pf = dens i ty  of the freshwater; 

hf = freshwater head. 

(D. 1)  

I n  t h i s  r epor t ,  freshwater heads are ind ica t ive  of heads above the center  
of t he  Culebra dolomite and freshwater e l eva t ions  are i n d i c a t i v e  of 
e leva t ions  above mean sea l e v e l .  Freshwater e l eva t ion  and freshwater head 

are related by: 

Zf = hf + Z, (D. 2) 

where Zf = freshwater e leva t ion  above mean sea l e v e l ;  
hf = freshwater head; 

Z, = e leva t ion  of t he  center of the Culebra dolomite above mean 
sea l e v e l .  

Measured water-level data can be converted t o  equivalent freshwater head 

from knowledge of the dens i ty  of the borehole f l u i d .  The f l u i d  pressure 
i n  a borehole above a given datum is: 

P = P g h  (D. 3) 
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where p = average dens i ty  of the borehole f l u i d ;  
h = f l u i d  colunn height above the datun. 

Combining equat ions D . l  and D.3 y ie lds :  

If the  freshwater  dens i ty  is assuned t o  be 1.000 g/un3, then the  
equivalent  freshwater head is equal t o  the  f l u i d  colunn height the average 
borehole f l u i d  dens i ty .  

Water-level data have been collected at  the  WIPP s i te  i n  two forms: depths 
t o  water below t o p  of casing measured by steel tape or e l e c t r o n i c  sounding 
device ,  and pressure measured by downhole t ransducers .  These data have 
been collected s ince  1977 by t he  U.S. Geological Survey, Hydro Geo Chem 

Inc .  (HE) and INTERA Technologies, Inc.  

Depth-to-water data were converted to  equivalent  freshwater e l eva t ion  as 
follaws: 

+ zc p f 
Zf = (dw-dc) - P 

where 4.1 = measured depth t o  water; 

d, = 

p = average dens i ty  of the borehole f l u i d .  
depth t o  the center  of the Culebra do lan i t e ;  

( D . 5 )  

Detailed f lu id -dens i ty  logs are required for  calculating the exact  average 
borehole-fluid densi ty .  Because such dens i ty  logs were not a v a i l a b l e  f o r  
m o s t  of the wells at the WIPP s i te ,  estimated average d e n s i t y  values  were 
used t o  calculate the freshwater e leva t ions .  

D-2 



Transducer pressure  data were converted t o  equivalent  freshwater e l e v a t i o n  
a3 follows: 

P 
+ zc p f 

+ (dt- de) - (D. 6) 

where p = measured transducer  pressure; 

dt = depth  t o  t ransducer;  
p = average dens i ty  of t h e  borehole f l u i d .  

Equivalent freshwater e leva t ions  were calculated for a l l  water- level  data 
and the  results are plot ted i n  Figures D.l through D.31. Plots of wells 
i n  close proximity t o  the H-3 hydropad have been annotated. The 

annotations i n d i c a t e  t e s t i n g  periods that  may have inf luenced  water l e v e l s  
and should a i d  i n  the i n t e r p r e t a t i o n  of the freshwater e l eva t ions .  
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APPENDIX E:  CONSISTENCY C)F DENSITIES AND CHEMICAL COMPOSITIONS 

OF WATER SAMPLES FROM THE CULEBRA DOLOMITE 
m y  A. J. Meijer, J. L. Lolcama, and F. J. Pearson)  

To i n t e r p r e t  ground-water hydraul ic  and geochemical d a t a ,  water dens i ty  
data are required.  Densities of water s t and ing  i n  boreholes are needed 
t o  convert measured water l e v e l s  t o  formation pressures  o r  t o  fresh- 

water heads. Dens i t ies  of formation waters are necessary t o  support  
ground-water flow modeling and t o  calculate molal (mol/kg H20) 
concentrat ions of dissolved cons t i t uen t s  f r a n  analyzed values .  Water 
analyses  are usua l ly  repor ted  as mil l igrams per l i t e r  (mg/1) s o l u t i o n ,  
while molal concentrat ions are required fo r  geochemical e q u i l i b r i m  
calculations. 

The d e n s i t i e s  of water samples f r a n  boreholes open t o  a given formation 
w i l l  be the same as the d e n s i t i e s  of t h e  formation water only i f  t h e  

samples are not  contaminated. Contamination can result f rm the mixing 
of formation water with d r i l l i n g  f l u i d s ,  wi th  f l u i d s  used i n  borehole 
cons t ruc t ion ,  and w i t h  water fran other formations.  Knowledge of t he  

ex ten t  of such contamination, i f  any, is requi red  t o  eva lua te  the 

composition and d e n s i t y  of formation f l u i d s  f o r  geochemical purposes, t o  
estimate formation pressures, and f o r  flow-path v a l i d a t i o n  t o  support  
ground-wat er model i ng . 

Density and chemical analytical data on Culebra samples have been 
evaluated f o r  their  i n t e r n a l  consis tency and f o r  i n d i c a t i o n s  of how well 
they  may represent  the dens i ty  and chemistry of Culebra formation 
waters. The eva lua t ion  procedures and conclusions are desc r ibed  i n  the  

remainder of t h i s  appendix. 
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E . l  Dens i t ies  of Culebra Water Samples 

(11 meq Cations -1 I meq Anions 
(%I = l o o  ( C l  meq Cations + C  I meq Anions 

Table E . l  is a sunmary of measured and calculated data f o r  water samples 
fran the  Culebra. 

) 
) 

The chemical ana ly t i ca l  data a r e  fran Mercer (1983, Table 2) and fran 

Robinson (SAND85-0917, i n  preparat ion) .  Additional dens i ty  data on 1980 
samples fran the WIPP wells 25 t o  30 are frcm Lambert and Robinson 
(1984). The 1984 and 1985 samples were taken as par t  of t h e  WIPP 

Ecological Monitoring Program, and their pH values ,  conducti v i  t ies  , and 
d e n s i t i e s  are as given i n  Figure 10.6 of Westinghouse E l e c t r i c  
Corporation (1985). Undated dens i ty  data were taken f r a n  f i e l d  notes 
and data co l lec ted  f o r  Sandia National Laborator ies  by Hydro Ceo Chm, 

Inc .  

Two values for  to ta l  dissolved sol ids  are given i n  Table  E. 1 .  The first 

is the res idue  on evaporation of the  sample as reported by t h e  

mal yti cal labora tory  . The second is t h e  sum of the analyzed 
concentrat ions of individual  dissolved species. Both measures of t o t a l  
d i sso lved  so l ids  should be near ly  t h e  same i n  an i n t e r n a l l y  cons is ten t  
ana lys i s .  

The charge balances given i n  Table E-1 were calculated using: 

where meq is mi l lequiva len ts  per l i t e r  so lu t ion .  Because so lu t ions  are 
electr ical ly  n e u t r a l ,  the more closely the balance of an ana lys i s  
approaches zero,  the more reliable the  ana lys i s .  Analyses w i t h  balances 
worse than 10% (5% f o r  the most r ecen t ly  collected samples)  should be 

used wi th  caut ion.  

H09700R128 E - 2  
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The r e l i a b i l i t y  of dens i t i e s  der ived f ran s p e c i f i c  g r a v i t y  measurements 
made on water samples fran t h e  Culebra Dolomite has been evaluated by 

comparing them wi th  d e n s i t i e s  calculated on the basis of the concen- 
trations of dissolved cons t i t uen t s  i n  the same waters as reported i n  
l abora to ry  ana lyses .  

The approach used here i n  c a l c u l a t i n g  d e n s i t i e s  is based on a paper by 

K u n a r  (1986) which i n  t u r n  is based on the P i t z e r  theory  of a c t i v i t y  
c o e f f i c i e n t s  i n  e l e c t r o l y t e  so lu t ions  ( P i t z e r ,  1979). Given the 

appropr ia te  constants  and c o e f f i c i e n t s ,  the P i t z e r  formalism allows the 

c a l c u l a t i o n  of d e n s i t i e s  of solutions of s i n g l e  and mixed e l e c t r o l y t e s .  

As Shawn i n  t h e  inset i n  Figure E . l ,  the  d e n s i t i e s  of pure so lu t ions  of 
var ious salts (Weast, 1983) a t  a given mass concent ra t ion  are not  equal .  
The d e n s i t i e s  of chloride s o l u t i o n s  show t h e  fo l lowing  d e n s i t y  order 
KC1 < N a C l  < M g C 1 2 <  C&12 f o r  the  same mass concentrat ion.  For pure 
sulfate s o l u t i o n s ,  the ca t ion  order  is the same. Hwever ,  because of 

gypsun s a t u r a t i o n ,  the  maximm concentrat ion of pure Cas04 s o l u t i o n s  is 
l imited t o  approximately 1350 m g / l .  The C a S O 4  curve shown i n  F igure  E . l  

has been extrapolated t o  higher concentrat ions by maintaining a constant 
ra t io  to  the MgSO4 curve.  

The dens i ty  of mixed-electrolyte s o l u t i o n s  can be approximated by 

canbining the densi t ies  of pure salt  s o l u t i o n s  i n  proport ion t o  their  

molal or molar concentrat ions t o  a r r i v e  at d e n s i t i e s  t h a t  are gene ra l ly  
within 1 .O percent of measured d e n s i t i e s .  To ob ta in  better a g r e m e n t ,  
the interactions among ions i n  solutions m u s t  be considered. The P i t z e r  
formalism can be used t o  model these i n t e r a c t i o n s .  K u n a r  (1986) has 

s b w n  that t h i s  approach allcrws d e n s i t i e s  t o  be calculated t o  wi th in  
0.04 percent  f o r  chloride b r ines .  

Kunar (1986) has presented the constants  and P i t z e r  c o e f f i c i e n t s  for  
br ines  canposed of N a C l ,  K C 1 ,  MgC12, and cac12 at 20 t o  40 degrees 
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cent igrade  and 1 bar. The constants  and P i t z e r  c o e f f i c i e n t s  f o r  t he  

sulfate salts are not present ly  ava i l ab le .  

The apparent dens i t i e s  of the chloride components of the  formation 
waters i n  t he  Culebra at the  WIPP s i te  were calculated using Kmar's 
(1986) cons tan ts  and coe f f i c i en t s  and molalities of the  ch lor ide  salts  
r e f l e c t i n g  t h e  molal ca t ion  proportions i n  the waters w i t h  Na+ added o r  
sub t r ac t ed  t o  achieve charge balance. These d e n s i t i e s  were lvcorrectedlT 
f o r  the  sulfate canponents by a l i n e a r  canbinat ion of d e n s i t i e s  of pure 
sulfate so lu t ions  weimted by the  appropr ia te  ca t ion  molalities i n  the 

sane proportions as used for  the chloride canponents. The results of 
these calculations a r e  p lo t ted  against to ta l  dissolved solids i n  Figure 
E . l .  

The d e n s i t i e s  p lo t t ed  i n  Figure E . l  are for  t h e  temperature measured f o r  
a given sample at the  WIPP s i t e  at t he  time of sample c o l l e c t i o n .  M o s t  
of the poin ts  p lo t  within 0.1 percent of the r eg res s ion  curve drawn i n  
F igure  E.l. The s lope  of the hand-f i t ted curve decreases wi th  

increas ing  t o t a l  dissolved so l ids  r e f l e c t i n g  the  changing proportions of 
salts i n  t h e  so lu t ions .  A t  low TDS values (< - 20 g / l ) ,  the sulfate 
component is dominant and generates a r e l a t i v e l y  steep slope s t a r t i n g  
f r a n  a Y-intercept of 0.9977 g/m3. From 20 up t o  approximately 160 

g / l ,  the  slope is near ly  cons tan t ,  presumably r e f l e c t i n g  the  dominance 
of the  NaCl canponent and the near ly  constant  s l o p e  of t h e  NaCl curve 
over t h i s  range (Figure E . l ) .  Above 160 g / l  the slope f u r t h e r  decreases 
i n  p a r a l l e l  with t h e  NaCl curve. The rather l imited devia t ion  of 
ind iv idua l  p i n t s  fran a smooth curve reflects the  f a c t  that the 

d e n s i t i e s  of pure potassim-salt so lu t ions  are less than pure sodium- 
salt s o l u t i o n s ,  while the d e n s i t i e s  of the magnesim and calcium 
s o l u t i o n s  are greater, thus  tending t o  cancel or balance the effects Of 

the non-sodim salts. Sane of t he  devia t ion  (up t o  0.12 percent )  of 
po in t s  fran a smooth curve results f r a n  the range of temperature over  
which the  samples were col lec ted .  
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A comparison of ca lcu la ted  and measured d e n s i t i e s  i s  shown graphica l ly  
i n  F igure  E.2.  Again, t he  dens i ty  values p l o t t e d  are f o r  temperatures 
measured i n  the f i e l d .  Overal l ,  there is a good c o r r e l a t i o n  between 
calculated and measured d e n s i t i e s .  However, m u l t i p l e  samples fran 

various wells show s u b s t a n t i a l  data scatter w i t h  the m o s t  r ecen t ly  
determined d e n s i t i e s  l y i n g  c loses t  t o  the equ i l ine .  The scatter of the 

data points  from the equ i l ine  could reflect: ( 1 )  errors i n  the s p e c i f i c -  
g rav i ty  measurements made i n  t h e  f i e l d ;  ( 2 )  d i f f e rences  i n  the canposi- 
t ions of t h e  sample on which the  spec i f i c -g rav i ty  measurement w a s  made 
and t h e  sample which was chemically analyzed; (3 )  e r r o r s  i n  t h e  chemical 
ana lys i s ;  (4) e r r o r s  i n  the temperature measurements; ( 5 )  u n c e r t a i n t i e s  
i n  the d e n s i t i e s  of the ch lor ide  and sulfate canponents i n  mixed- 
e l e c t r o l y t e  so lu t ions ;  and (6)  c a l c u l a t i o n  and/or t r a n s c r i p t i o n  errors. 

The 1985 and 1986 samples  general ly  p lo t  wi th in  0.3 percent of the 

equ i l ine .  As noted previously,  up t o  0.12 percent  of t h i s  devia t ion  
could be due t o  errors i n  t he  temperature measurement ( k 5 O C ) .  Errors i n  
t h e  chemical analyses are c l e a r l y  ind ica ted  by the  charge imbalances 
shown i n  Table  E.l. I n  the dens i ty  c a l c u l a t i o n s ,  these imbalances were 
a t t r i b u t e d  t o  e r r o r s  i n  the analysis of Na+. However, errors i n  the 

analyses  of the other canponents ( e .g . ,  Cl-) could also exp la in  the 

charge imbalances. The effect of errors i n  chemical analyses  is  largest  
i n  the most concentrated br ines  (WIPP-27 and WIPP-29). Up t o  4.0 g/l of 
Na' had t o  be added t o  achieve charge balance i n  these samples. 
According t o  the curve shown i n  Figure E . l ,  t h i s  e r r o r  i n  chemical 
ana lys i s  equates t o  an e r r o r  i n  the  dens i ty  c a l c u l a t i o n  of approximately 
0.2 percent .  

Uncer ta in t ies  i n  the d e n s i t i e s  of the chloride and sulfate components i n  
mixed-electrolyte  so lu t ions  are estimated t o  result i n  errors i n  the  

dens i ty  c a l c u l a t i o n  of less than 0.25 percent .  Kmar (1986) has shown 
that  the d e n s i t i e s  of ch lor ide  so lu t ions  can be calculated t o  wi th in  
0.04 percent .  Uncer ta in t ies  i n  the sulfate d e n s i t i e s  are l i m i t e d  by the  
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sulfate concentrations i n  the  so lu t ions  and pure-sal t  dens i ty  data t o  
less than 0.2 percent. 

Overa l l ,  t h e  maximun e r ro r  assoc ia ted  wi th  factors 3 through 5 is i n  t h e  

range of 0.5 t o  0.6 percent. The remaining d i f fe rences  between measured 
and calculated dens i t i e s  a r e  presuned t o  be due t o  field-measurement 
and/or sample-collection e r r o r s .  

The preferred dens i ty  values l i s t ed  i n  Table E . l  were selected on the  

following basis: ( 1 )  f o r  wells wi th  mul t ip l e  samples,  the  m o s t  recent  
dens i ty  value rounded t o  t h e  nea res t  0.005 was selected; ( 2 )  for wells 
wi th  only one sample, t h e  measured dens i ty  rounded t o  the  nea res t  0.005 

w a s  selected i f  i t  f e l l  wi th in  0.3 percent of the  e q u i l i n e ,  otherwise 
the  calculated dens i ty  rounded t o  the nea res t  0.005 was selected. 

E . 2  R e l i a b i l i t y  of Samples as Representat ive of Culebra Formation 
Wat er C hemi s t r y 

The preceding s e c t i o n  examined how well the a n a l y t i c a l  data represent  
t h e  dens i ty  of the waters sampled. This  s e c t i o n  describes f u r t h e r  

examination of b w  well the water samples co l l ec t ed  and analyzed 
represent  the chemistry of water i n  the Culebra. 

From knowledge of the  mineralogy and petrology of an aqui fe r  and the  
p r inc ip l e s  of aqueous geochemistry, it is poss ib le  t o  pred ic t  certain 
properties of water from that  formation. The Culebra can be grossly 
charac te r ized  as a gypsum-bearing do lan i t e  w i t h  trace q u a n t i t i e s  of 
h a l i t e  (Core Labora tor ies ,  1986). Formations of t h i s  t y p e  are not 
uncanmon and a number of s t u d i e s  have been made on t h e  geochemistry of 

t h e  waters they  contain.  Aquifers s t u d i e d  include: 
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0 The Flor idan aqu i f e r ,  descr ibed by H a n s h a w  et al. (1965) and by 
Rightmire et al. (1974). 

0 T h e  Edwards aqui fe r  of cen t r a l  Texas,  described by Pearson and 

Rettman (1  976). 

0 The Muschelkalk aqu i f e r  of northern Swi tzer land ,  descr ibed by 

Scbassmann et al . (1  984) and by Pearson (1  985) .  

0 The Gipskeuper of northern Switzer land,  descr ibed  by Pearson and 

Lolcma ( i n  p repa ra t ion ) .  

Fran these s t u d i e s  it appears that waters i n  aqu i f e r s  of t h i s  type are 
charac te r ized  by : 

Sa tu ra t ion  w i t h  respect t o  c a l c i t e ,  even i f  the residence time of 

the  water being sampled is a s  shor t  as a few years; 

S a t u r a t i o n  w i t h  respect t o  d o l a n i t e ,  i f  the residence time of the 

water sampled is seve ra l  hundred years or more; 

Sa tu ra t ion  w i t h  respect t o  gypsun. I n  formations i n  which there 
has been l imited freshwater  c i r c u l a t i o n ,  allowing p l e n t i f u l  gypsun 
t o  remain, gypsun s a t u r a t i o n  can occur i n  waters w i t h  res idence 
t i m e s  of only a few tens of years. Thus, i n  t h e  Edwards a q u i f e r  
(Pearson and Rettman, 1976) and i n  the Gipskeuper of northern 
Switzerland (Pearson and Lolcama, i n  prepara t ion)  , waters s a t u r a t e d  
wi th  calcite and gypsun but undersaturated w i t h  dolanite have been 
found. Sane of these waters conta in  tritiun and cannot have 
residence times of more than a few tens of years .  

Near the outcrop,  however, ground-water c i r c u l a t i o n  is commonly 
extensive enough t o  d i s so lve  much of the r ead i ly -ava i l ab le  gypsun. 



Remaining gypsun is shielded frcm actively-circulating ground water 
by other minerals. While t h i s  gypsun may continue t o  dissolve, i t  
does so only  slowly, at  a rate determined by d i f f u s i o n  through 

micro-cracks i n  the shielding minerals, f o r  example. Water i n  such 
an aquifer m u s t  'nave a considerable residence time before i t  
reaches gypsun saturation. Th i s  gives r i se  t o  the calcite- and 
dolani te-sat urat ed but gyps un-undersat urat ed waters typ i  cal of the 
near-outcrop Edwards aquifer and i n  most of the Floridan aquifer. 

0 Saturation w i t h  respect t o  celesti te,  common i n  waters saturated 
with gypsun. Strontiun analyses are not as frequently made on 
water samples as are calcium analyses. Where they are available, 
as i n  the studies of the Muschelkalk and Edwards aquifers mentioned 
above, they sbw that gypsun and celesti te are generally both a t  
saturation. 

0 General undersaturation w i t h  respect t o  hali te.  This  probably 
occurs because hali te is so very soluble and dissolves so rapidly 
that even a limited amount of ground-water circulation would remove 
readily-accessible hali te fran a formation. Thus, higher chloride 
concentrations i n  waters fran such formations tend t o  be present i n  
waters taken at  points distant fran outcrops and recharge areas or 
i n  areas which for  other reasons have limited ground-water 
circulation rates. 

Calculations have been carried out  t o  assess the s t a t e  of saturation of 
water samples fran the Culebra w i t h  respect t o  calcite,  dolomite, 
gypsun, and celesti te.  The calculations were carried out wi th  the 
geochemical computer program PHREEQE (Parkhurst et  a l . ,  1980; I N E R A  

Environmental Consultants , 1983 . 

The PHREEQE code uses the ion-pair model of solution behavior t o  
calculate the d i s t r i b u t i o n  of dissolved species fran the chemical 
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a n a l y s i s  of a so lu t ion .  It  ca l cu la t e s  dissolved-ion a c t i v i t y  products 
and canpares them wi th  equ i l ib r iun  cons tan ts  f o r  selected minera ls  t o  
calculate s a t u r a t i o n  ind ices .  To use PI-IREEQE or any other geochemical 
code sat isfactor i ly  requi res  that  it be supported by an i n t e r n a l l y  
cons i s t en t  thermodynamic data base appropr ia te  f o r  the s o l u t i o n  species 
and minerals being considered. The data base used f o r  these calcula-  
t ions w a s  prepared e s p e c i a l l y  f o r  work i n  the  Culebra and is  described 

i n  Pearson et al. ( i n  prepara t ion) .  The WATEQ DebyeHuckel equat ion w a s  

used t o  calculate a c t i v i t y  c o e f f i c i e n t s  of the major ions (Truesdel l  and 
Jones 1974; Nordstran and Munoz, 1985, Sec t ion  7 .6 ) .  T h i s  semi- 
empir ical  equation reproduces mean-salt a c t i v i t y  c o e f f i c i e n t s  t o  wi th in  
0.01 l o g  a c t i v i t y  u n i t s  i n  so lu t ions  t o  i o n i c  s t r e n g t h s  of a t  least  3 
molal. 

I n  the  Culebra samples discussed here, a sun-of-dissolved-solids content 
of about 100 g/l corresponds t o  an i o n i c  s t r e n g t h  of 3 mola l .  

Ramey (1985) calculated s a t u r a t i o n  ind ices  of the minera ls  h a l i t e ,  
anhydr i te ,  gypsun, calcite, and dolanite f o r  the  same pre-1984 a n a l y s e s  
used f o r  t h i s  r epor t .  To make these c a l c u l a t i o n s ,  Ramey used a computer 
program i n  the WATEQ series, which embodied the  same ion-pa i r  model of 
s o l u t i o n  behavior as does PHREEQE. I n  add i t ion ,  a l though Ramey states 
(p.  26)  that  he used t h e  Davies equat ion  for a c t i v i t y  c o e f f i c i e n t s ,  t he  

equat ion  given i n  h i s  report is the same WATEQ Debye-Huckel equat ion as 
was used f o r  the ca l cu la t ions  reported here. Thus, i f  t h e  thermodynamic 
data used by Ramey were the  same as those adopted here, h i s  results 
should agree c lose ly  with those of t h i s  r epor t  shown i n  Table  E . l .  

A comparison of these is discussed belm. 

Calcite s a t u r a t i o n  ind ices  calculated by Ramey (1985) are shown i n  h i s  

Figure 14. The average d i f fe rence  between Ramey's values  and those 

given i n  Table E.1 is 0.06 un i t s .  This d i f f e rence  is not s i g n i f i c a n t  
and could w e l l  be a result of s l i g h t  d i f f e rences  between the  two 
geochemical canputer programs. The c a l c i t e  s a t u r a t i o n  ind i  ces f o r  
sample P-15 were not used i n  t h i s  comparison. Ramey used a pH of 1 0 . 2  
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f o r  h i s  ca l cu la t ions  on t h a t  sample. Mercer (1983) does not report a pH 
f o r  sample P-15 ,  and i n  making the calculations l ead ing  t o  Table E . l  a 
pH of 7.0 w a s  assuned. Thus the two calculated s a t u r a t i o n  ind ices  are 
not canparable. 

Gypsun-saturation ind ices  ca lcu la ted  by Ramey (1985) are shown i n  h i s  

Figure 13. The average d i f fe rence  between Ramey's values md those  
given i n  Table E . l  is 0.24 u n i t s .  This d i f fe rence  is too  l a r g e  t o  be 

a t t r ibu ted  only t o  s l i g h t  d i f fe rences  between t h e  canputer programs used 
and may well reflect d i f fe rences  between t h e  thermodynamic data bases 
used by Ramey and i n  preparing t h i s  repor t .  If t he  s o l u b i l i t y  product 
f o r  gypsm used by Ramey were 0.24 l o g  u n i t s  more negat ive than tha t  

used f o r  t h i s  r e p o r t ,  it would account f o r  the d i f f e rence  between t h e  

two sets of gypsun-saturation ind ices .  The specific thermodynamic data 
set used by Ramey is not r e a d i l y  a v a i l a b l e ,  but i n  preparing the data 
base used here, i t  w a s  noted that  the  s o l u b i l i t y  product used i n  sane 
versions of WATEQ w a s  0.27 l o g  u n i t s  more negat ive  than the  value 
s e l e c t e d .  The d i f fe rence  between 0.27 and 0.24 could well be a result 
of s l i g h t  d i f fe rences  between the canputer programs used. 

I n  sunmary, i t  appears that had Ramey's (1985) calculations been made 
with the  same thermodynamic data as used f o r  t h i s  r e p o r t ,  h i s  results 
would not have d i f f e r e d  s i g n i f i c a n t l y  fran those given here. 

Sa tu ra t ion  ind ices  of calcite, gypsun, and celestite are l i s t e d  i n  
Table E . l ,  and the i r  d i s t r i b u t i o n s  are shown as histograms i n  
Figure E.3. Two groups of analyses are d is t inguished  i n  the  f i g u r e .  

Group 1 comprises those samples which were co l l ec t ed  i n  1985 and 1986 as 
part of t h e  envi romenta l  assessment program. These samples  were 
collected and analyzed w i t h  particular care t o  avoid contamination. 
The o the r  samples canprise Group 2 and were collected at var ious t i m e s  
between 1975 and 1984 (Mercer, 1983, Table 2; Robinson, personal 
canmunication). S t ront iun  analyses are a v a i l a b l e  f o r  the  1981-1 986 
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samples but not for those collected earlier. Thus, c e l e s t i t e  s a t u r a t i o n  
ind ices  we shown on ly  f o r  the more r ecen t  samples.  

The s a t u r a t i o n  ind ices  for  celestite and gypsun cluster t i g h t l y  around 
zero, sugges t ing  these waters were indeed i n  equi l ibr ium with celestite 
and gypsun i n  the Culebra. There is l i t t l e  d i f f e rence  i n  the spread of 
celestite s a t u r a t i o n  ind ices  f o r  the 2 groups of samples.  This  l i k e l y  

reflects the basic prec is ion  of the s t r o n t i u n  ana lyses .  I n  the case of 
gypsun, s a t u r a t i o n  i n d i c e s  f o r  t he  Group 1 samples c l u s t e r  more t i g h t l y  

around zero than the Group 2 samples.  Although the  c a l c i t e  ind ices  
cluster around the zero p o i n t ,  the spread is considerably greater than  
those for celestite and gypsun, even among the  more recent  samples.  
This phenonanon is canmonly observed and results fran t h e  d i f f i c u l t y  i n  
c o l l e c t i n g  ground-water samples without some lcss of d isso lved  C02. 

This loss can occur both when water is ex t r ac t ed  fran t h e  formation,  and 
while it is collected and analyzed at  the surface. C02  loss makes the 

measured pH of the sample higher than  the a c t u a l  pH of the  water i n  the 

formation. The high pH values are reflected as pos i t i ve  calcite 
s a t u r a t i o n  ind ices .  This  effect may be the cause of the apparent 
ove r sa tu ra t ion  of a number of these samples. 

Sampling d i f f i cu l t i e s  genera l ly  do not result i n  undersa tura t ion  with 

respect t o  calcite, so the  samples i n  Table  E . l  and Figure  E . 3  which 

have s t r o n g l y  negat ive calcite s a t u r a t i o n  i n d i c e s  must be examined. 
Possible reasons why a given sample may have a s a t u r a t i o n  index o the r  
than  zero inc lude  the  following: ( 1 )  errors i n  t h e  chemical ana lys i s  or 
sampling procedure; ( 2 )  contamination by f l u i d s  used i n  well 
cons t ruc t ion ;  (3)  errors i n  the ca l cu la t ion  of t h e  s a t u r a t i o n  index 
inc luding  the  procedure for  c a l c u l a t i n g  a c t i v i t e s  f o r  ions i n  so lu t ion ;  
and (4) a lack of e q u i l i b r i u n  between the  formation water and the 

mineral  i n  quest ion.  

E - 1  1 



Samples 1 4  (H-Qb, 14-Dee-78) and 21 (H-5b, 19-Dec-78) are s t rong ly  t o  
moderately undersaturated wi th  gypsun and calcite. These wells were 
resampled i n  1981 and 1985 and the r e s u l t i n g  analyses  a r e  shown i n  
Figure E . 3  as sample numbers 15 and 16,  and 22 and 23,  r e spec t ive ly .  
The 1981 and 1985 samples a r e  a l l  s a tu ra t ed  w i t h  calcite and gypsum 

although the 1981 sample is s i g n i f i c a n t l y  oversa tura ted  with c a l c i t e ,  
presunably as a result of C02 loss during sampling. Ccmparision of the  

1978, 1981, and 1985 ana ly t i ca l  results shows tha t  w h i l e  there is good 
ag remen t  among most cons t i t uen t s ,  t h e  calciun concentrat ions reported 
i n  1978 are very much lower than the 1981 and 1985 values.  The negat ive 
s a t u r a t i o n  ind ices  f o r  1978 samples are therefore probably the result of 
a n a l y t i c a l  errors. They do not i n d i c a t e  either that  the a q u i f e r  is 
undersaturated w i t h  gypsum and c a l c i t e  or that the  sample is not 
r ep resen ta t ive  of t h e  f o n a t i o n  f l u i d  at t h i s  l o c a t i o n .  

A similar s i t u a t i o n  exists for samples 25, 26, and 27 fran well H-6b. 
Sample 25, collected on December 20, 1978, is undersaturated wi th  

respect t o  gypsun and somewhat oversaturated w i t h  respect t o  calcite. 
Samples 26 and 27, co l lec ted  i n  1981 and 1985, are very close t o  
s a t u r a t i o n  w i t h  respec t  t o  'both calcite and gypsun. The reported 
ca lc iun  concentrat ion i n  sample 25 is about 50 percent of the concen- 
t r a t i o n  reported f o r  samples 26 and 27, while the concentrat ions of t h e  

other components are canparable. This  suggests  the calciun a n a l y s i s  f o r  
sample 25 is i n  error. 

Samples 56, 57, and 58 f r a n  the WIPP-29 well are undersaturated w i t h  

respect t o  both c a l c i t e  and gypsun. Although t h i s  could be due t o  
ana ly t i ca l  or ca l cu la t iona l  e r r o r s ,  Lambert (1978) has argued on the 

basis  of isotopic data that waters f r a n  t h i s  w e l l  may be loca l ly  der ived  

and not representa t ive  of Culebra formation waters. They w i l l ,  

theref ore, not be discussed fur ther  . 

H09700R128 E - 1 2  



Samples 59 and 60 are fran t h e  WIPP-30 well .  Sample 59 is under- 
saturated with gypsun and c a l c i t e ,  while sample 60 is saturated w i t h  

gypsun and s t r o n g l y  oversa tura ted  wi th  calcite. These samples a r e  very  

d i f f e r e n t  fran each o the r  i n  total  dissolved sol ids  contents  and 

chemi cal corn pos i ti on. 

The sampling of WIPP-30 is described by Lambert and Robinson (1984, 
p. 30 and Fig .  4.3). Before sampling t h e  Culebra,  a more s a l i n e  sample 
f r a n  the  Rust ler /Salado contact  w a s  collected i n  mid - Ju ly .  During t h e  
fol lowing punping test of the Culebra i n  mid-August, it w a s  no t iced  t h a t  

the s a l i n i t y  of the f l u i d  produced w a s  i nc reas ing  w i t h  time. A packer 
sepa ra t ing  the  Culebra fran the  Rust ler /Salado Contact zone w a s  removed 
and found t o  be leaking  because of a missing shear plug. When the 

packer was replaced and the  pmping resuned, a decrease i n  conduct iv i ty  
i n  the sample f l u i d  w a s  noted corresponding t o  the  ranoval of t h e  more 
s a l i n e  Rust ler /Salado water which had invaded the  Culebra. The less 
s a l i n e  and lcwer dens i ty  water of sample 60 is probably more represen- 
t a t i v e  of Culebra formation water than  is t h a t  from sample 59 which 
probably represents  a mixture  of Culebra and deeper, more s a l i n e  water 
f r a n  the  Rust ler /Salado contact .  The ove r sa tu ra t ion  of sample 60 w i t h  

calcite presunably reflects 1-s of C02 during sampling. 

The same t y p e  of sampling procedure w a s  used on the o t h e r  WIPP wells 
(25  t o  30) l i s ted  i n  Table  E . l .  F i r s t ,  a sample w a s  c o l l e c t e d  frcm the 

h igh ly  s a l i n e  Rust ler /Salado contact zone. Then a packer w a s  emplaced 
s o  as t o  i s o l a t e  the Culebra. A sample w a s  co l l ec t ed  and a pumping tes t  
carried out .  During the punping test, conduct ivi ty  and o the r  chemical 
parameters were monitored (Lamber t  and Robinson, 1984). During the  

punping of WIPP-25, WIPP-28, and WIPP-29, decreases i n  the  d e n s i t y ,  
conduct iv i ty ,  and/or bicarbmate content of t he  discharge were noted. 
I n  these w e l l s ,  the  i n i t i a l  samples collected f o r  a n a l y s e s  (46  and 

p o s s i b l y  47 frcm WIPP-25; 54 fran WIPP-28; and 56 frcm WIPP-29) may well 
have included sane canponent of t he  more s a l i n e  Rust ler /Salado waters .  
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During pumping of WIPP-26 and WIPP-27, there w a s  l i t t l e  change i n  t h e  

chemistry of the  discharge and thus the  samples f r a n  these wells do not 
contain as obvious a component of Rustler/Salado water. 

Sample 40, taken fran well P-14 i n  March 14, 1977, is undersaturated 
with calcite and nea r ly  saturated w i t h  gypsun. Sample 41 ,  taken f r a n  
the same well on February 26, 1986, is saturated with both calcite and 

gypsun. The main d i f fe rence  i n  t h e  chemistry of t h e  two samples i s  a 
much higher N a C l  content of sample 40. Because P-14 w a s  cased and 
sequen t i a l ly  perforated i n  f irst ,  the Rustler/Salado Contact ,  and, 
second, t h e  Culebra,  these d i f fe rences  may reflect a sampling problem 
similar t o  that  observed f o r  the WIPP wells previously discussed. 

Al t e rna t ive ly ,  i t  may reflect contamination r e s u l t i n g  fran d r i l l i n g  or 
wel l -construct ion f l u i d s .  

Additional samples which a r e  s i g n i f i c a n t l y  undersaturated w i t h  respect 
t o  c a l c i t e  and/or gypsum include samples 13, 35, 36, 37, 42, 45, and 52. 
The results of ca lcu la t ions  presented by Siege1 (1986) suggest  that  the 

use of t h e  P i t z e r  approach t o  ca l cu la t ion  of a c t i v i t y  c o e f f i c i e n t s  i n  
br ines  may reso lve  t h e  problems wi th  samples 13, 36, 52, and possibly 
45. This  explanat ion does not apply t o  the apparent undersaturat ion of 
samples 35, 37, and 42 f r a n  wells H-llb3, DOE-1, and P-15. Because only  
one ana lys i s  is a v a i l a b l e  for each of these wells, pinpoint ing t h e  

problem wi th  each of these  analyses w i l l  be d i f f i c u l t .  

E.3 Sunmary and Conclusions 

Densi t ies  were calculated for  water samples f r a n  wells at the WIPP s i t e  
and the  surrounding area based on t h e  chemical canposi t ions of these 
samples. Calculated d e n s i t i e s  compare favorably w i t h  measured d e n s i t i e s  
f o r  the samples most recent ly  (1984-85) obtained as par t  of the  
Envirormental Monitoring Program. Samples taken p r i o r  t o  1984 s h o w  

greater va r i a t ions  between ca lcu la ted  and measured d e n s i t i e s .  Those 
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samples showing va r i a t ions  greater than 0.5 percent  are l i s ted  i n  
Table  E.2. Most of the pre-1984 samples l i s ted  i n  Table E.2 are fran 
wells that were sampled more r ecen t ly  w i t h  better results. Those wells 
f o r  which adequate dens i ty  data are not a v a i l a b l e  are l i s t e d  i n  
Table  E.3.  For these w e l l s ,  t h e  calculated d e n s i t i e s  rounded t o  the 

nea res t  0.005 are the  recanmended values .  

The ex ten t  t o  which the water samples represent  Culebra formation waters 
has been evaluated by ca l cu la t ing  the degree t o  which the  waters are 
saturated w i t h  mineral phases known t o  be present  i n  t h e  Culebra. The 

corresponding saturation indices  should be close t o  ze ro  i f  t he  waters 
have e q u i l i b r a t e d  wi th  the minerals  i n  the formation. M o s t  of the 
samples are close t o  s a t u r a t i o n  ( kO.1 )  with celestite ( S r S O h ) ,  gypsun 
(CaS0~,.2H~0), and calcite (CaC03).  O f  t b s e  samples undersaturated w i t h  

calcite and/or gypsun, m o s t  are older samples f r a n  wells f o r  which more 
recent  samples s h o w  s a t u r a t i o n  or ove r sa tu ra t ion  i n  these mineral 
phases. This suggests  the older samples d i d  not r ep resen t  Culebra 
waters. Samples undersaturated wi th  calcite and/or gypsun fran wells 
wi th  only  a s i n g l e  sample are listed i n  Table  E.3.  These samples 
probably do not adequately represent  Culebra waters. Resampling of 
these wells may r e so lve  the discrepancies. The WIPP-29 well is also 
l i s ted  i n  Table E.3 because both the chemical and d e n s i t y  data for t h i s  

well are suspect. As Lambert (1985) has pointed o u t ,  water fran t h i s  

well l i k e l y  represents  local i n f i l t r a t i o n  and does not represent  Culebra 
water. 
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kawn by 

:hacked by 

Revisions 

Smpl Well Date Suspect Cause for 
No. Number Sampled Data Suspicion 

Date 

Date 

Date . Sumnary of Samples With Suspect Density and/or 
Chemical Data 

1 

8 

1 4  

15 

21 

22 

25 

35 

37 

40 

H- 1 

H-3bl 

H-4b 

H-4b 

H-5b 

H-5b 

H-6b 

2-Ju~-76 

17-Nov-77 

14-D~C-78 

29-May-81 

19-Dee-78 

i - ~ ~ n - 8 1  

20-D~C-78 

H-llb3 23-May-85 

DOE-1 12-Apr-85 

P-14 1 4 - M a ~ 7 7  

Density 

Density 

Density 
Chemistry 

Density 

Density 
Chemis t ry 

Density 

Chemistry 

Density 
Chemistry 

Chemistry 

Density 
Chemistry 

Difference between measured and 
calculated density 0.8 percent. 

Difference between measured and 
calculated density 1.7 percent. 

Difference between measured and 
calculated densi ty  1 .O percent. 
Negative gypsum (-0.62) and 
calcite (-0.55) sa tura t ion  
indices.  

Difference between measured and 
calculated densi ty  0.7 percent. 

Difference between measured and 
calculated densi ty  0.7 percent. 
Negative gypsum (-1.58) and calcite 
(-1.23) s a tu ra t ion  indices.  

Difference between measured and 
calculated densi ty  1.0 percent. 

Negative gypsum sa tu ra t ion  index 
(-0.14). 

Difference between measured and 
calculated densi ty  0.6 percent. 
Negative calcite sa tu ra t ion  index 
(-0.16). 

Negative calcite sa tu ra t ion  index 
(-0.36). 

Difference between measured and 
calculated densi ty  0.75 percent. 
Negative calcite (-0.14) sa tura t ion  
index. 

I 
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Smpl Well Date suspect 
No. Number Sampled Data 

Checked by 

Revisions 

Cause for 
Suspicion 

Dote 

Date 
Summary of Samples With Suspect Density and/or 
C h d c a l  Data 

42 

43 

45 

46 

50 

52 

54 

56 

57 

58 

59 

P-15 10-May-77 Densi ty  
Chemistry 

P-17 10-May-77 Dens i ty  

P-18 10-May-77 Chemistry 
Density 

WIPP-25 14-Aug-80 Chemistry 

WIPP-26 24-A%-80 Density 

WIPP-27 22-Aug-80 Chemis t ry 

WIPP-28 21-Aug-80 Chemistry 
Density 

WIPP-29 20-~ug-80 Chemis t ry 
Density 

WIPP-29 28-Aug-80 Chemis t ry 
Density 

WIPP-29 14-Dec-85 Chemistry 

WIPP-30 13-Aug-80 Chemistry 
Density 

Difference between measured and 
calculated density 6.3 percent. 
Negative calcite (-0.17) and gypsum 
(-0.12) sa tura t ion  indices. 

Difference between measured and 
calculated density 1.3 percent. 

Negative gypsum sa tura t ion  index 
(-0.46). No measured density 
value. 

Negative gypsum sa tura t ion  index 
(-0.11) 

Difference between measured and 
calculated density 0.7 percent. 

charge balance -14.19 percent. 

Negative gypsum sa tura t ion  index 
(-0.23). Difference between 
measured and calculated density 0.5 
percent. Charge balance -10.36 
percent. 

Negative calcite (-0.90) and gypsum 
(-0.17) sa tura t ion  indices. 
Difference between measured and 
calculated density 0.66 percent. 

Negative calcite (-0.85) sa tura t ion  
index. Difference between measured 
and calculated densi ty  1.0 percent. 

Negative calcite (-1.61) and gypsum 
(-0.28) sa tura t ion  indices. 

Negative calcite (-0.41) and gypsum 
(-022) sa tura t ion  indices. 
Difference between measured and 
calculated densitv 0.7 Dement. 

Drawn by I Date I 

I wm Technologies I Table E.2b 
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Well 
umber 

Reason($) For Concluding That Sample Data 
Do Not Represent Culebra Water Properties 

Drawn by 

Revisions 

Checked by 

-1lb3 

QE-1 

'-15 

'-18 

IIPP-29 

__ -~~ - 
Dab 

Date 
-Sumnary of Wells For Which No Reliable Data 

A r e  Available  on the Properties of Culebra 
Date ormation Water 

Difference between measured and calculated dens i t y  0.6 percent. 
Slightly negative calcite saturation index (-0.16). 
only marginally inconsistent i n  water properties. 

This w e l l  is 

I 

I mm Technologies 

Negative calcite saturation index (-0.36). 

Difference between measured and calculated densi ty  6.3 percent. 
Negative calcite (-0.17) and gypsum (-0.12) saturation indices. 

Table E.3 

Negative gypsum saturation index (-0.46). 
value available. 

No measured density 

A l l  samples from this well have negative gypsum and ca l c i t e  
saturation Indices. 
densities fo r  the two 1980 samples are 0.66 and 1.0 percent. 

Differences between measured and calculated 





APPENDIX F.  REVIEW AND CHRONOLOGY OF KNOWN INFORMATION ON GROUND-WATER 

LEAKAGE INTO THE SHAFTS AT THE WIPP SITE.  (By G. J .  S a u l n i e r )  

Three deep shafts have been constructed a t  the WIPP s i t e .  The shafts were 
b u i l t  as pa r t  of the developnent of t he  s i te  as a r e p o s i t o r y  f o r  s to rage  
of defense t r ansu ran ic  wastes a?d are designed: 1 )  t o  handle waste f o r  t h e  

r epos i to ry  - the  waste-handling sha f t ;  2)  t o  fac i l i t a te  removal of 
excavated s a l t  during cons t ruc t ion  of the r epos i to ry  - the cons t ruc t ion  
and sa l t -hand l ing  s h a f t ;  and 3) t o  allow proper v e n t i l a t i o n  of the  

underground opening - the exhaust shaft. The r e l a t i v e  pos i t ions  and 

distances between the  shaf t s  are illustrated i n  F igure  F . l .  A l l  of the 

shafts penetrated t h e  e n t i r e  Rus t le r  Formation. Obvious ground-water 
leakage i n t o  the s h a f t s  w a s  reported only  from the  Culebra. The fol lowing 
is a chronology of events f o r  each shaft, h i g h l i g h t i n g  information 
concerning the  leakage or drainage of formation water fran the  Culebra 

i n t o  the  three shafts. 

Figure F . 2  i l lust rates  the cons t ruc t ion  and s e a l i n g  h i s t o r y  for  all three 
s h a f t s  wi th  a schematic r ep resen ta t ion  of pressure response i n  t h e  Magenta 
and Culebra as recorded by the piezometers i n s t a l l e d  i n  both the waste- 
handling and the cons t ruc t ion  and salt-handling shafts. 

Waste-Handling Shaft 

The waste-handling shaft  w a s  o r i g i n a l l y  a bored, s ix- foot  dimeter 

v e n t i l a t i o n  sha f t  t o  t h e  r epos i to ry  l e v e l ,  canpleted from December 1981 
t o  February 1982. The v e n t i l a t i o n  shaft remained open t o  the Culebra 
allowing ground-water drainage fran t h i s  unit p r i o r  t o  the shaf t ' s  

excavat ion as the  waste-handling s h a f t ,  w i t h  a nineteen-foot  f i n i s h e d  
i n s i d e  diameter, between November 1983 and August 1984. The add i t iona l  
excavation f u l l y  penetrated t h e  Rustler Formation i n  February 1984. The 



shaft was mapped by geologists before the shaft liner was emplaced and the 
following paragraph from the Quarterly Geotechnical Data Report (U.S. 
Department of Energy, September 1 985) summarizes the observations 
concerning water inflow: 

Of the three format ions observed during geological 
mapping activities in the waste shaft, only the 
Rustler formation contained obvious fluid-bearing 
zones, the Magenta and the Culebra dolomite 
members. The Magenta exhibited few weeps and, in 
general, produced very little water. However, the 
entire Culebra section was wet, but no obvious 
local concent rations of water inflow were 
observed. Wherever a ledge was formed, a steady 
dripping of water was observed. The Rustler/Salado 
contact, often considered a fluid-producing zone, 
did not produce any observable fluid. 

Geotechnical instruments, including pressure transducers to measure 
formation fluid pressure, were installed in the shaft in August and 
September of 1984 (Figure F.3). The pressure transducers are called 
piezometers by the on-site contractor and this term is used throughout the 
geotechnical literature concerning the WIPP site. For the sake of 
consistency, the term piezometer will also be used in this discussion when 
referring to these pressure transducers. A plot of the measurements from 
these piezometers is included as Figure F.4. The pressure data were 
collected weekly at ground surface by the Management and Operations 
Contractor using a datalogger. Data collection for  the waste-handling 
shaft was discontinued in August 1986 due to construction activities in 
the shaft. The schedule for re-establishing measurements has not been 
finalized. 

The following paragraph describes the sealing of the Rustler Formation as 
reported in the Quarterly Geotechnical Field Data Report (U. S. Department 
of Energy, September 1985): 

Placement of the primary concrete lining of the 
shaft began November 30, 1983, and was completed on 
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April 3, 1984, t o  a depth of 900 f t .  Both the 
water-bearing Magenta and Culebra dolomite members 
were covered with steel l i n e r  p la te  pr ior  t o  the 
placement of the primary concrete l ining.  The 
required over-excavated annulus behind the steel  
l i n e r  p l a t e  at both water-bearing zones was 
backfi l led with thick grout (second stage l in ing )  
after the primary concrete l in ing  had cured. A t  
the Magenta, the annular void was backfi l led on 
March 8 through March 10, 1984. Second stage 
l in ing  at  the Culebra was completed on Apr i l  3 
through April 5, 1984. After completion of the 
sump excavation, grouting was done t o  seal minor 
water leaks and seeps i n  the waste shaft l in ing .  
The shaft l i n ing  grouting program was conducted 
from August 11 through August 25, 1984. Prior t o  
grouting, seepage was estimated a t  0.5 gallons per 
minute. The seepage after grouting, measured i n  
October 1984 from the 2-in. drain pipe connected t o  
the three water r ings ,  was about 0.015 gallons per 
minute. 

The "water ringsf1 described i n  the Quarter ly  Report are concave-upward 
steel r ings  on the bottom of indentations in  the concrete-shaft wall. 
Leaking ground water can reach these r ings by moving through cracks i n  the 

concrete wal l ,  and flowing down the  face of the shaft t o  the  r ings.  The 
water collected by the r ings is directed t o  a p l a s t i c  pipe f o r  drainage t o  
the shaft sump area. The quantity of flow t o  the r ings could be decreased 
by evaporation at the concrete face or by water deflected by shaft 
furnishings (e .g. ,  cable support brackets, instrument boxes, etc. 1. 

Few measurements of the amount of seepage collected by the water r ings 
were made before 1986. In  September 1985, a t  a time when the water- 
col lect ion system ins ide  the shaft was damaged, and a l l  drainage went 
d i r e c t l y  t o  the sump, the change i n  water l eve l  i n  the shaft sump w a s  used 
t o  estimate shaft leakage. A general estimate of 0.13 gpm has been 
determined and reported by M r .  J. Gallerani of Bechtel National, Inc. 



In January 1986, the water-collection system was repaired and all shaft 
drainage was directed through the plastic pipe to a 250-gallon tank. 
Mr. R. McKinney of IT Corporation has reported a general estimate of 
0.6 gpm for the flow, but this figure is not documented in measurement 
records. Mr. McKinney has stated that the 250-gallon tank was emptied 
once per 8-hour shift, and 0.6 gpm would fill the tank in about seven 
hours. However, it appears that this figure is only an estimate and that 
the volume and time used were not exactly measured and recorded. 

Mr. J. Gallerani of Bechtel National Inc. began weekly measurements of 
flow from the drainage system in January 1986 to establish a documented 
record of shaft drainage. Mr. Gallerani uses a five-gallon bucket and a 
stopwatch to determine the flow rates. Table F.l lists these measurements 
from January through June 1986 when the plastic pipe was damaged again by 
construction activities. The pipe was repaired in September and two 
measurements were made in October 1986 by Mr. Gallerani . 

An additional amount of water (small and difficult to measure) bypasses 
the collection rings and drips down the shaft face. The Mining Operations 
Section also reports a flow estimate to Mr. R. McKinney of IT Corporation. 
This estimate is usually about 0.1 gpm higher than Mr. Gallerani's value 
but the method of estimation is not well documented. (Mr. Gallerani has 
stated that the Mining Operations Manager times the filling of a 
one-gallon container that may not be calibrated.) Additional grouting of 
the waste-handling-shaft lining to try to stop leakage into the shaft is 
scheduled to begin in April 1987. 

Construction and Salt-Handling Shaft 

The history of the construction and salt-handling shaft is summarized as 
follows in the Quarterly Geotechnical Data Report (U. S. Department of 
Energy, September 1985): 
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The first construction activity undertaken during 
SPDV [Site and Preliminary Design Validation] was 
the excavation of the exploratory shaft, now 
designated the construction and salt handling shaft 
(C & SH Shaft). The shaft was drilled during a 
four-month period from July 4 t o  October 23, 
1981. Geologic mapping was conducted during March 
through May 1982 ("Results of Site Validation 
Experimentsvv, ref. 1-6). The shaft was outfitted 
with geomechanical instrumentation in April and 
July 1982. This included extensometers, piezometers 
[Figure F. 23, convergence points, strain gauges and 
pressure cells. All instruments were read locally 
until October 30, 1982, when the connection was 
established to the datalogger located above ground. 

Mr. J. Gallerani of Bechtel National Inc. has reported the existence of 
seepage from one of the indicator drains in the shaft key (the support 
buttress at the base of the upper concrete liner built through the Rustler 
Formation) and the observation of minor leakage at several of the 
piezometer connections. A water-collection ring, similar to the one in 
the waste-handling shaft, is built at the bottom of the construction and 
salt-handling-shaft key but it is not served by a plastic-pipe drainage 
system. 

The piezometers that were placed in the Culebra in the construction and 
salt-handling shaft have not operated at 100% effectiveness. Since mid- 
1985, the surface datalogger has had no access to these instruments and 
they must be read individually at the Local Termination Cabinet f l  at the 
repository level. Work schedules involving use of the shaft allow the 
Management and Operations Contractor access to read these gages once every 
three months. Figure F.5 is a plot of the data received to date for these 
piezometers. 



Exhaust Shaft 

The exhaust shaft was b u i l t  i n  two stages. I n i t i a l l y ,  a 7-7/8-inch p i l o t  
hole was d r i l l e d  i n  October and November 1983 from ground sur face  t o  a 
d r i f t  at the  f a c i l i t y  l e v e l  i n  the Salado Formation. Then the  p i l o t  hole 
was d r i l l e d  out t o  an 11-inch diameter i n  December 1983. During t h i s  

period, M r .  Gallerani made two measurements of leakage from the p i l o t  
ho les  t o  the d r i f t  by catching the dra in  water i n  a p l a s t i c  barrel beneath 
the p i l o t  hole.  On November 30, 1983, he made four  measurements with a 
calibrated container and stopwatch and ca lcu la ted  an average flow rate of 
0.41 gpm from the  7-7/8-inch borehole. On December 21, 1983, he 

ca lcu la ted  an average flow rate of 0.47 gpm from the 11-inch borehole. 
Both flow measurements were affected by a warm-air updraft  from the d r i f t  
which the  borehole penetrated.  The exhaust shaft was then raise-bored t o  
a six-foot diameter from December 1983 t o  February 1984, and subsequently 
enlarged t o  f i f t e e n  feet with a f i n a l  fourteen-foot f in i shed  i n s i d e  dia- 

meter through the Rustler Formation from September 1984 t o  February 1985. 

The construction of the primary concrete l i n i n g  t o  the Salado Formation, 
wi th  only steel plate covering the Magenta and Culebra, took place from 
July t o  November 1984. Backf i l l ing  behind the l i n e r  plate a t  the Culebra 
and Magenta horizons was performed i n  a similar fashion as that described 

f o r  the waste-handling shaft .  The Culebra and Magenta were grouted during 
t h e  periods December 2 t o  4 ,  and December 4 t o  5, 1984, respec t ive ly .  
J. Gallerani and J. Owens (Betchel National and Dravo, Inc . ,  respec t ive ly ,  
personal communication, July 1986) report that  the grouting procedure d i d  

not completely seal the Culebra and Magenta at t h i s  time, and that the 

grouting was intended to  minimize and cont ro l  leakage. Construction and 

i n s t a l l a t i o n  of the water-collection r i n g s  and o ther  shaft  furn ish ings  was 
accomplished from December 1 984 through February 1 985. Water was observed 
seeping through the concrete l i n i n g  and a flow rate of 0.35 gpm was 
measured a t  the bottom of the exhaust shaft i n  January 1985 by 

Mr. Gallerani (see also U.S. Department of mergy, September 1985). A 
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cement/chemical grouting and sealing of the Magenta and Culebra Members of 
the Rustler Formation was conducted from June 1 through July 31, 1985 to 
reduce water seepage through the shaft lining and to protect the integrity 
of the shaft key. For January 1985, before the grouting and sealing of 
the exhaust shaft, M r .  R. McKinney of IT Corporation reports that the 
estimated ground-water flow from the Rustler Formation (primarily from the 
Culebra Dolomite Member) was 0.6 gpm. 

On September 24, 1985, the boreholes for the exhaust-shaft Culebra piezo- 
meters were drilled through the shaft liner, then capped. Piezometers 
were placed at the Culebra level in the exhaust shaft from November 1 to 
November 3, 1985. However, as of February 1986, the datalogger system was 
working intermittently and no readings from the exhaust-shaft piezometers 
were obtained. Figure F.6 shows 
the exhaust shaft pressure record along with data for the waste-handling 
and construction and salt-handling shafts through October 1986. 

Scheduled readings began in March 1986. 

Additional chemical grouting of the Culebra and Magenta was performed in 
August and October 1986. The chemical grouting program consisted of the 
following steps: 

1. On August 11, 1986, the pressure plugs in the piezometers were 
removed causing the piezometer pressure readings to be reduced to 
negative values indicating zero pressure in the piezometer sleeves. 
The removal of the plugs caused an unmeasured quantity of water to 
flow from the piezometer-access boreholes. J. Owens reports that 
the quantity decreased during the time the boreholes were open and 
virtually stopped after the chemical grouting was completed. 

2. Dye-colored water was injected into the grouting holes, which are 
small-diameter boreholes through the liner, to determine whether 
there was communication between the micro-annulus behind the grout 
liner and the piezometer tubes. None was observed. 
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3. 

4. 

5. 

Grout was injected into the grouting holes at up to a maximum of 50 
pounds per square inch over hydrostatic pressure. 

The pressure plugs were put back on the piezometer sleeves on 
August 19, 1986 and data collection resumed. 

In early October 1986, additional grouting was performed in the 
Culebra interval. Boreholes were drilled through the liner at level 
218.5 (elevation 820.9 m a.s.1.) and water was observed to flow from 
these boreholes under pressure. Grout was injected into these 
boreholes to seal the microannulus behind the liner and reduce 
leakage. During the grouting, the Culebra piezometer I s  pressure 
plugs were both removed and replaced on October 1 ,  1986. 

Figure F.6 shows the pressure response in the waste-handling shaft to the 
exhaust-shaft grouting and sealing activities in 1985 and 1986. The 
grouting and drilling exercises are noted, and can be inferred to have had 
a significant effect on the waste-handling shaft pressure. 

Piezometer Installation 

A brief review of the type of piezometer used and the method of 
installation may assist in understanding and reviewing the data (from U.S. 
Department of Energy, September 1 985) : 

The piezometers are dual-component instruments containing 
a vibrating-wire gauge and a pneumatic gauge. The 
vibrating-wire gauge is the principal instrument used to 
measure water-pressure. The pneumatic gauge is used for  
initial calibration and periodic performance checks on the 
vibrating-wire units . . . The pneumatic units must be 
read manually at the instrument location. 
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The vibrating-wire gauges are monitored at ground surface by electronic 
dataloggers. The electrical connections to the datalogger have been 
damaged in the construction and salt-handling shaft, thus requiring the 
downhole readings of the vibrating-wire gages as described earlier. The 
electrical connections for the waste-handling-shaft piezometers were 
removed in late August 1986 to make room for construction activities. The 
reconnection schedule has not yet been established. 

The piezometers are installed in a four-inch pipe sleeve which passes 
through the concrete lining. After the concrete was poured, three-inch 
diameter boreholes were drilled into the bedrock at the end of the four- 
inch sleeves, using drilling equipment run through the sleeves. These 
boreholes extend a minimum of six inches into the formation and serve to 
access the formation for fluid-pressure measurements with the piezometers. 
The piezometers are set into the four-inch pipe sleeves and sealed in by a 
collar coupling. Figure F. 7 shows construction details of the piezometer 
installation. The piezometers are set about one-half foot inside the 
collar pipe and do not reside in, and are not sealed in the three-inch 
boreholes in the bedrock. The piezometers can thus respond to pressure 
fluctuations due to cracks in the concrete liner or to any microannulus 
between the concrete lining and the formation, if one were to exist due to 
failure of the seal. If such a crack or microannulus were to connect the 
Magenta and Culebra, it would not only provide direct fluid-pressure 
communication between these two horizons, but it could also respond to a 
failure in the concrete liner of the shaft. In fact, data from the 
piezometers in the construction and salt-handling shaft were used to 
postulate a possible breakdown in one of the chemical seals behind the 
waste-handling-shaft key (the basal shaft support buttress) (U.S. 
Department of Energy, September 1985). Published data (U.S. Department of 
Energy, September 1985) show that the piezometers in the waste-handling 
shaft have synchronous pressure fluctuations indicating, at the least, a 
pressure communication between all Rustler Formation members. 
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The piezometers themselves are subject to damage and drift. The gages are 
made by IRAD Gage/Klein and GEOKON. The Management and Operations 
Contractor reports that readings may have an uncertainity of 15 psi. The 
gages may even show negative pressure within this k5 psi envelope. 
However, consistently negative pressures with a trend to more negative 
values is usually a prelude to piezometer failure. Alternatively, 
consistently negative pressure readings could possibly indicate an 
electrical polarity problem during installation and wiring. Despite these 
problems, the piezometers do give information that must be considered in 
the interpretation of the hydrogeologic system at the WIPP site. For 
example, WIPP-21 water levels, measured as part of the H-3 multipad 
pumping test, show a striking resemblance to the pressure record of the 
waste-handling shaft as shown on Figure F.8. The exhaust-shaft pressure 
record also appears to show a response to late October 1986 well- 
development pumping at well ERDA-9, just south of the shaft (see Figures 
F.l  and F.6). 

REFERENCE 

U.S. Department of Energy, 1985. Quarterly Geotechnical Field Data 
Report. Prepared by Bechtel National Inc., WIPP-DOE-218, September 
1 985. 
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Grout -tight Seal 4" Galvanized Coupling 

Instrument Recess and 
Piezometer Location 7.62 cm I.D. Borehole 

Drilled 15 .42  cm 
into Formation 

Revisions 

Fluid-Pre 
Sensing 

Dote 

SSUl 
A re 

/ \ 4 '  
/ 

0.64 X 8.9cm 
Steel Plate 
I 

to Data Logger 

Note: Piezometer (PE) is an IRAD IM-82-6, PWC vibrating-wire and 
pneumatic gage with stainless-steel housing. 

Details of Piezometer Installation 

I wm Technologies I I Figure F.7 

F-21 



120 

100 

00 

60 

I I I I I I I I I I 

* PE-207 
0 PE-208 
0 WIPP-21 

4 0 r  H-3 Pumping 

are not equal; curves 

are superimposed for 

i I lustra t ion only. 

-- 

lb ' 1  ( 1  1 ' 1  1 ' 1  I 1 1  1 1  1 1 1  1 1 1 1  I I I I  1 1  

1985 TIME (Jul lan Date) 1986 
275 305 335 365 30 60 90 120 150 I 8 0  210 

420 Z 
a al 
e 
Y 

430 6 
a 

440 e 
r 
a 

I- 
3 

l- 

450 

Fluid PI 
Shaft and Water Level in WIPP-21 as 
Measured in the Culebra Dolomite 

R d d o n m  



DATE DAY HR MIN DURATION INFLOW 
(min. sec) (gpm) 

0 1/2 3/ 8 6 
01/3 0/86 
02/ 05/8 6 
0 2/ 2 O/ 8 6 
02/28/86 
03/07/86 
03/13/86 
03/18/86 
03/2 6/8 6 
04/02/86 
04/15/86 
04/2 5/8 6 
05/15/86 
05/19/86 
05/22/86 
05/ 2 8/8 6 
06/ 02/8 6 
0 6/06/8 6 
06/06/8 6 
06/12/86 
06/ 19/8 6 
06/24/86 
07/01/8 6 

23 12 0 
30 10 0 
36 13 0 
51 8 45 
59 8 45 
66 9 45 
72 8 25 
77 10 30 
85 13 0 
92 9 15 
105 10 30 
115 12 30 
135 10 30 
139 10 35 
142 11 40 
148 8 30 
153 10 30 
157 8 30 
157 9 30 
163 10 20 
170 9 15 
175 9 30 
182 9 30 

0.00 
14.46 
16.07 
17.30 
15.50 
16.00 
17.25 
17.10 
17.05 
18.13 
20.00 
19.10 
23.30 
23.10 
23.20 
23.00 
24.30 
43.00 
42.30 
35.00 
37.30 
23.30 
42.00 

0.47 
0.36 
0.33 
0.30 
0.33 
0.33 
0.30 
0.30 
0.30 
0.29 
0.26 
0.27 
0.22 
0.22 
0.22 
0.23 
0.21 
0.12 
0.12 
0.15 
0.14 
0.22 
0.13 

Measurements not possible because of broken p l a s t i c  pipe. 

10/13/86 286 8 .40 40.30 0.13 
10/28/86 301 9 30 31.30 0.17 

Water -Inf low Measurements 
Teviaions for the Waste-Handling Shaft 
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